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ABSTRACT
The bond stress-slip behaviour of steel bars embedded in concrete is an import 
parameter in the ultimate limit state (ULS). Currently, design codes in the UK seek 
to ensure a robust and stable design in reinforced concrete (RC) structures, and it is 
important to understand the both pre- and post-peak bond behaviour at the element 
level has potential implications for the safety of people inside of structures subjeet to 
extreme behaviour. In this study, the bond stress slip behaviour has been measured 
(under displacement control) as a function of the displacement at values approaching 
three times the rib spacing. The influence of bar corrosion on this behaviour has also 
been investigated.
A local bond stress-slip model has been proposed by the Task Group on Bond 
Models of Structural Concrete (FIB) that assumes the bond stress-slip behaviour of 
pull-out tests is linear when tested under confined conditions. However, in this study 
the observed global behaviour of the bond stress, as a function of the bar slip, 
showed a previously unreported fluctuation behaviour (measured by LVDT) when 
tested under displacement control. The fluctuation behaviour of the bond stress-slip 
relationship was found to be both reproducible and consistent and appears to be 
related to the rib spacing of the deformed bar. The fluctuation behaviour of the bond 
stress-slip relationship of both uncorroded and corroded steel bar was independently 
verified by measuring the strain changes along the bar using bonded ER strain 
gauges.
The pull-out behaviour of ribbed steel bars was investigated as a function of the 
degree of corrosion -  applied using an accelerated corrosion method. Steel pickling
 _________________   Abstract
of steel bars extracted from the failed pull-out specimens indicate that the degree of 
corrosion affects the peak and residual bond stress differently in that the peak stress 
was found to exhibit a maxima value whilst the residual strength consistently 
decreased. This implies that when using bond stress-slip models to predict the effect 
of corrosion on the bond stress it is necessary to use different ratios of the peak bond 
stress and residual bond stress at any given degree of corrosion.
Correlation between the behaviour measured experimentally for 16 mm diameter 
ribbed steel bar and that predicted by a 2-D FE model, based on a proposed 3 
component (in parallel) delamination interface model, has been shown to be 
reasonable. A single delamination interface element was used to verify the proposed 
FE bond model of pull-out test against existing data from the literature and found to 
give reasonable agreement over displacements equivalent to one rib spacing.
11
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Chapter 1 Introduction
CHAPTER 1 
INTRODUCTION
1.1 BACKGROUND
According to British Standard 8110 (1997c) and EuroCode 2 (2004), both the 
serviceability limit state (SES) and the ultimate limit state (ULS) are of concern to 
engineers in the UK to ensure a robust and stable design in RC structures. The ULS 
design is focused on the safety and reliability of a structure whilst the SLS is used to 
check the serviceability. As a consequence, structures designed using these codes 
should be robust and able to demonstrate large deformation without cataclysmic 
collapse caused by earthquake, poor construction, deterioration of materials, etc. The 
behaviour of such structures is a composite response from the individual elements 
and joints that make up the structure. It is an important observation that, in the 
extreme, both the pre- and post-peak bond behaviour at the element level have 
implications for the safety of people inside structures undergoing failure and so the 
study of bond stress displacement behaviour at large displacements is important. As 
a consequence, it is necessary to fully investigate, and understand, the previously 
unreported fluctuation behaviour of the bond stress-slip relationship of uncorroded 
and corroded deformed bar in concrete, (Lee and Mulheron 2011). Such knowledge 
can be used to better define the failure mode between the concrete and embedded 
steel reinforcement under confined conditions that would enable more accurate 
estimates of performance to be obtained.
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The corrosion of reinforcing steel in concrete structures is a major problem facing 
civil engineers responsible for dealing with structures suffering from deterioration. 
World wide, the maintenance costs arising from the corrosion of steel reinforcement 
is not easy to estimate but there is no doubt that it is enormous (Walbank 1989; Koch, 
Brogers et al. 2002). In this circumstance, it is important to understand how the 
corrosion of within reinforced concrete structures alters their peak and post-peak 
bond stress characteristics (especially at large displacements) to help better 
understand their potential structural behaviour after deterioration occurs.
1.2 OBJECTIVE
The primary objective of this study was to experimentally investigate the both pre- 
and post-peak bond stress-slip behaviour at the large displacement and effect of 
corrosion on the bond behaviour under displacement control. The experimental 
results have been used to develop a Finite Element (FE) bond model based at the 
element level.
The key objectives of the work were:
1. To undertake a literature review of the bond behaviour between concrete and 
steel reinforcement, and the role of load and displacement control in pull-out 
testing. A review of the processes leading to the corrosion of steel reinforcement 
in concrete has also been undertaken.
2. Establish the bond stress-slip behaviour of modern high-yield ribbed bars 
embedded in confined concrete when subject to controlled displacement.
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3. Develop a method to measure the strain that develops along an embedded steel 
bar during the pull-out test to allow independent verification of the fluctuation 
behaviour of the bond stress-slip relationship obtained from end and top slip 
measurements using LVDT’s.
4. To examine the role of corrosion on the bond stress-slip behaviour of deformed 
steel bars subject to different degrees of corrosion.
5. To consider how improvement in bar type (and quality) influence the bond 
displacement behaviour. Modern steel bars increase the load carrying capacity of 
RC structures through the change from plain to ribbed bar and the replacement of 
mild steel by high tensile alloys.
6. To compare the experimentally determined behaviour of deformed steel bars 
embedded in confined concrete with those predicted using a 2-D finite element 
(FE) model and derive a suitable “delamination interface” model that captures the 
observed behaviour.
1.3 METHODLOGY
A series of experimental pull-out tests have been conducted. A single 16 mm bar was 
cast in the centre of a 200 mm concrete cube. The embedment length was five times 
the bar diameter (80 mm) so that the failure mode was limited to shear failure only. 
The specimen was designed to ensure that the concrete operated under confirmed 
conditions and so cracking was not expected during the experimental test. The 
yielding of the ribbed bar was considered. During the experiment, the longitudinal 
displacements of the reinforcement were measured by three LVDT’s. For the strain 
measurement, the ribbed bar had one groove 3.2 mm wide by 4 mm deep machined 
along the 120 mm from the free end of the bar. Vishay Micro-measurement CE A
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125 UN strain gauges were mounted in the groove at various locations along the 
length of the bar to measure the strain distribution along the length of the bar. This 
groove helps to prevent the damage of installed strain gauges and wire connections 
during the pull-out process.
The effect of corrosion on the bond stress behaviour was studied by applying various 
degrees of corrosion (0 %, 2.5 %, 5 % and 10 % loss of bar cross-section). The target 
degrees of corrosion were applied using an accelerated electrochemical corrosion 
method in which the saturated specimen was subject to a constant electrical 
corrosion current.
After testing the bars were subject to a controlled “pickling” technique to measure 
the actual loss of section that had been achieved due to difficulty of achieving target 
degrees of corrosion. The corrosion products (rust or iron oxides) on the surface of 
the bar were removed by immersing the steel in a solution of hydrochloric acid 
(HsO^Cl ) with a chemical corrosion inhibitor, Hexamine.
1.4 SCOPE
A total of fifty-one experimental pull-out tests were performed. Two loading rates 
were used based on the British Standards recommendation. 16 mm diameter mild 
steel plain bar and 16 mm diameter high tensile ribbed bar were tested. Tensile 
testing was conducted to measure the actual yield behaviour of the bars. Uncorroded 
plain and ribbed bar were used to measure the pre- and post-peak bond stress 
displacement behaviour during shear failure under displacement control. A 200 mm 
concrete cube was used. The depth of cover concrete to the steel was more than five
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time of bar diameter (92 mm) to ensure that the concrete remained in the confined 
condition throughout the test. The embedment length of the test specimen was 80 
mm. The degrees of corrosion was 0 wt% loss for the no corrosion effect, 2.5 wt% 
loss for the pre-cracking stage (corresponding to increasing bond stress), 5 wt% loss 
for the cracking stage (corresponding to decreasing bond stress) and 10 wt% loss for 
the post-cracking stage (corresponding to dramatically decreasing bond stress).
A 2-D Finite Element (FE) analysis of pull-out failure in the steel/concrete interface 
was conducted using LUS AS. This analysis was conduction in two stages. First, the 
experimental specimen was modeled using three delamination interface elements 
applied along the embedment length connected in parallel. The key input parameters 
for the model were obtained using the experimental data and the model predictions 
compared with the observed bond stress slip behaviour. Second, a single 
delamination interface element model was used to enable the proposed FE bond 
model of pull-out tests to be compared with data available from the literature.
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CHAPTER 2 
LITERATURE REVIEW
2.1 INTRODUCTION
The literature review was conducted in order to gain knowledge of research that has 
been carried out into the behaviour of steel bars embedded in concrete. Although 
extensive research has been directed towards investigating the bond stress-slip 
behaviour up to the peak load, and the influence of corrosion on that behaviour, 
relatively little work has focused on the post-peak bond behaviour. Generally, this is 
because the pre-peak bond behaviour relates to the current assumption in limit state 
design. However, to improve structural behaviour at, or near, collapse it is beneficial 
to extend the study to the post-peak bond (debond) behaviour and corresponding 
large displacement response. The chapter consists of two main sections.
The first section reviews the bond behaviour between concrete and steel 
reinforcement in design codes, developments in the design of steel reinforcement, 
and the importance of post-peak bond behaviour in the structure. The local bond 
stress-slip model studied was based on the CEB-FIP model code 90 (Comite Euro 
International du Beton 1992) and the FIB Task Group Bond Models (FIB Task 
Group 2000), as well as BS EN 10080 (2005b) in order to assess the post-peak 
behaviour of deformed bars. Both loading and displacement control techniques were 
reviewed to help better understand their influence on the results of experimental pull- 
out tests.
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The second section reviews the corrosion of steel in concrete including the chemical 
reactions of the corrosion process, the cause and effects of corrosion and the rate and 
degrees of corrosion at the steel surface based on Faraday’s law. The corrosion 
model of steel in concrete considered is that due to Tutti (cited by Andrade, Alonso 
et al. 1989) which describes the process as one of corrosion initiation followed by 
corrosion propagation.
2.2 STRUCTURAL SAFETY
2.2.1 Limit State Design
Structural Engineers responsible for the design and operation of structures are 
concerned about both serviceability and structural safety, hence any structure under 
load must be capable of satisfying two principal criteria. Ultimate Limit State (ULS) 
and Serviceability Limit State (SLS), Figure 2.1.
ULS
SLS
Ductile failure
Brittle failure
 ►
Displacement
Figure 2.1 Schematic diagram of load vs. displacement of an RC element.
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The philosophy behind the limit state method aims to provide acceptable 
probabilities that the designed RC structures will not reach a pre-defined limit state. 
According to Mosley, Bungey et al. (2007), the ULS approach is currently used in 
the UK to ensure a robust and stable design in RC structures. ULS design is focused 
on the safety of structures (against collapse, overturning, and buckling) whilst SLS 
design is used to limit disruption of the functional use of the structure (against 
deformation, cracking, and vibration) (MacGregor and Wight 2005). In reality, 
structures can undergo collapse due to abnormal loading, poor construction, dynamic 
effects (earthquakes), deterioration, terrorist attack, etc. As a consequence, any ULS 
design must seek to both ensure the structure does not collapse when subjected to the 
worst combination of ultimate loads and also avoid disproportionate collapse. 
According to the BS EN 1990 (2002), a “robust” structure shall not be damaged by 
events such as explosion, impact, and the consequences of human errors, to an extent 
disproportionate to the original cause. To limit the effect of this type of catastrophic 
event this requirement was introduced into the Building Regulations following the 
Ronan Point collapse of 1968 (Kelly 2009).
2.2.2 Structural Collapse
The collapse of the Sampoong Department Store that occurred on June 29, 1995 in 
Seoul, South Korea was the largest peacetime disaster in South Korean history and 
501 people died and 937 were injured. Figure 2.2 (Wikipedia 2011). The 4-storey 
Sampoong Department Store was constructed from reinforced concrete in 1989 and 
consisted of north and south wings, connected by an atrium. Five years after initial 
completion the owner decided to add a fifth floor to the structure. This was originally
8
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intended to house a skating rink to comply with zoning regulations that prevented the 
whole building from being used as a department store. This plan was then changed 
so that the fifth floor was used to house eight restaurants instead. As a consequence, 
the restaurant floor was redesigned to incorporate a heated concrete base with hot 
water pipes going through it, as patrons sit on the floor of traditional Korean 
restaurants, which added an extra load due to the increase in thickness of the 
concrete slab. In addition, the building's air conditioning unit was installed on the 
roof, creating a load of four times the original design limit. When the construction 
company tasked to complete the extension advised the owner that the existing 
structure would not safely support the new 5* floor, they were removed from the 
contract, and another company finished the job.
In April 1995, cracks began to appear in the ceiling of the south wing's fifth floor. 
During this period, the only response from the owner was to move merchandise and 
stores from the top floor to the basement. On the morning of June 29 1995, the 
number of cracks in the area increased dramatically, prompting managers to close the 
top floor. Five hours before the collapse, the first of several loud bangs was heard 
emanating from the top floor, and the cracks in the slabs widened further. Amid 
customer reports of vibration, the air conditioning was turned off, but the cracks in 
the floors had already widened to 10 cm. Around 5 p.m., Korea Standard Time 
(UTC+9:00), the ceilings of the fourth floor visually began to sink. Figure 2.2 (b). 
Although the fourth floor was then closed, trading on the lower floors continued 
until 5:50 p.m., at which point the entire building began to make cracking sounds. 
The alarms went off, and the evacuation began, but it was far too late. Around 6:05 
p.m., the five-story building completely collapsed. Figure 2.1 (a) (Lankov 2004; Ahn 
2005; Wikipedia 2011).
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(a) (b)
Figure 2.2 Sampoong Department Store Collapse; (a) after collapse of department 
store, (b) 5^ floor restaurant-a day before collapse.
In reviewing the failure of this structure it is clear that the loading was extreme and 
exceeded the design limit (by a factor of four in some areas) yet despite that the 
structure demonstrated considerable reserves of ductile behaviour, undergoing 
significant deformation prior to catastrophic collapse. The observation of large 
deflections in the concrete slabs and crack widths of 10 cm some five hours before 
the collapse suggests that local elements within the structure were operating past 
their peak capacity. Despite this, the global response of structure demonstrated 
resistance to the overload for a significant period. It is clear that, if the owner had 
appreciated the signs of distress and their potential significance, many lives could 
have been saved by a prompt evacuation. It is also clear that in extreme circumstance, 
the post-peak behaviour becomes an important factor in the response of RC 
structures to overloads because it can contribute to the “delay time” before total 
collapse occurs (Ahn 2005).
10
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According to Tsai and Lin (2008) and Bao and Kunnath (2010), under given 
localised component damage scenarios, a structure can continue to perform over 
large displacements as a consequence of load redistribution due to the composite 
response of undamaged members. This behaviour explains why the structure of the 
Sampoong Department Store was able to exhibit aspects of ductile behaviour, at 
large displacements, when in the post-peak stress region. Such ductility can be 
manifested at three different levels; material, element, and structure. Ductility at the 
material level is not always possible, although for specific failure modes concrete 
can demonstrate large deformations within failure. At the structural level, ductility is 
possible but relies on providing a system for the redistribution of load to ensure 
reliable post-peak behaviour. As a consequence, in this thesis, the focus has been on 
the role of ductility at element level, resulting from the combination of the bar inside 
the concrete and the impact that deterioration at the steel/concrete interface can have 
on the ‘bond’ between the steel and the concrete.
2.3 MECHANISM OF REINFORCED CONCRETE
2.3.1 RC Theory
The resistance of a plain concrete element is generally strong in compression (20-60 
MPa) but weak in tension (2-4 MPa). As a consequence, in bending the element will 
fail suddenly after the first tensile crack initiates resulting in a so-called ‘brittle 
failure’. Therefore, steel reinforced concrete (RC) was introduced in the early 20^ 
century to increase resistance to any tensile stresses and to prevent sudden failure 
(Nawy 2005)
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Considering the RC beam shown in Figure 2.3 (a), the embedded reinforcing bar 
provides moment equilibrium of the compressive stress, C, and tensile stress, T, after 
the first concrete crack is generated. This moment equilibrium is the basis of 
reinforced concrete and it is the “bond” between the reinforcing bar and the 
surrounding concrete that allows the transfer of stresses to resist the applied load, P, 
Figure 2.3 (b) (MacGregor and Wight 2005). The effectiveness of the reinforcement 
is measured by the level of bond stress that can be supported across the steel 
concrete interface.
-4-(b) ► T
Bond stress
Figure 2.3 Bond stress in reinforced concrete section; (a) Internal forces in beam and 
(b) Forces on reinforcing bar (adapted from MacGregor and Wight 2005).
As load is applied it causes bending of the beam and internal compressive and tensile 
stresses are generated in the upper and lower part of the cross-sectional of the 
concrete beam. Cracks develop when the applied load generates stresses that exceed 
the tensile strength of the concrete. These developing cracks are resisted by the 
embedded reinforcing steel that bridge the crack and carry the tensile stress, and as a 
result the cracking process is controlled and so brittle failure is prevented. In the ease
12
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where the concrete cross-section becomes cracked, the absolute displacements of the 
steel and the concrete are different. Due to the relative displacement, stresses are 
generated across the bond between the concrete and the reinforcing steel. The 
presence of interfacial bonding (coupled with frictional effects) is the only way to 
keep an RC structure working as a single element. Therefore, the “bond” between 
the steel and concrete is a major factor affecting structural performance in RC 
structures (MacGregor and Wight 2005).
During the early development of reinforced concrete plain mild steel bar was used as 
an embedded reinforcement in concrete but the bond strength was relatively low 
because bond between steel and concrete depended on cohesion only (FIB Task 
Group 2000). Therefore, two common methods have been used to increase the 
effective bond strength. One way is to provide physical anchorage by bending the 
ends of the plain bar, Figure 2.4 (a). The other is to use deformed, or ribbed, bar 
which significantly increases the “roughness” of the bar surface because the rib acts 
to anchor the steel from being pulled out of the concrete. Figure 2.4 (b). Both of 
these methods produce RC beams with significant element ductility under bending 
loads.
(a) (b)
Figure 2.4 Reinforcing method for anchorage up to bar types; (a) plain bar with end
bending, (b) deformed (ribbed) bar.
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2.3.2 Bar Development
The development of steel reinforcement for RC structures has been in two key areas, 
namely, changing the surface characteristics of the bar from plain to ribbed and 
increasing the yield strength, fyk, of the steel reinforcement by moving from mild 
steel to high yield steel. Since the 1960’s, the need to improve the capacity of 
reinforced concrete sections increased placing greater demands on the strength of 
steel reinforcement and its bond with the concrete. As a consequence, considerable 
effort was devoted to the design and manufacture of deformed bars. Currently, high 
tensile strength bars with transverse ribs are commonly used. According to BS 8110 
Part 2 (1985), the specified characteristic strengths of reinforcement are 250 MPa for 
mild steel and 460 MPa for high yield steel, demonstrating that the strength of 
reinforcement has increased almost twofold. According to BS EN 1992 Part 1-1 
(2004) (which replaced BS 8110) the yield strength of the steel hm, fyk, is in the 
range 400 -  600 MPa.
Longitudinal rib
Transverse rib
(a) (b)
Figure 2.5 Typical geometry of deformed bar with rib pattern; (a) cross-section of the 
bar, (b) simplified drawing of the plain view.
14
Chapter 2 Literature Review
The study presented in this thesis focuses on modem high tensile ribbed bar but the 
generic problem of bar pull-out dates back to 1960’s. Understanding of bond 
behaviour has implications for the bar development in both the pre- and post-peak 
behaviour of the bond stress-slip relationship. Therefore, the results of this study are 
examined from two perspectives: first, aspects of the study give an insight into the 
fundamentals of bond strength; second, they demonstrate the potential increase in 
design bond strength from improved rib geometry. Figure 2.5 shows the geometry of 
the deformed bar, referred to in British Standards as “ribbed bar”. The presence of 
longitudinal ribs is designed to resist torsion of the bar in the concrete under loading 
and the transverse ribs are designed for generating bearing stress to resist shear 
failure (British Standards Institution 1997a). In this thesis, pull-out tests have been 
used to study behaviour of elements through the local bond stress-slip of plain and 
ribbed steel bar embedded in good quality concrete.
2.4 BOND IN REINFORCED CONCRETE
2.4.1 Bond Stress
(j) = Bar diameter 
I , ii = Bond stress
Ti =fsiAs
Location 1
Location 2
Figure 2.6 Relationship between change in bar stress and average bond stress 
(adapted from MacGregor and Wight 2005).
T2 —fs2^S
fs2=fsI-^M
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Bond stress is the shear stress acting parallel to the reinforcement along the interface 
between the steel bar and the concrete, Figure 2.6. Bond stress is directly related to 
the change of axial stress in the reinforcement; there can be no bond stress unless the 
bar axial stress changes and there can be no change in bar stress without bond stress. 
For the bar to be in equilibrium, a bond stress must exist along a length segment that 
experiences axial stress Ti and T2 at the ends as shown in Figure 2.6. If the bond 
stress disappears, the reinforcement bar will pull out of the concrete and the tensile 
force will drop to zero.
Therefore, bond stresses must be present whenever the stress, or force, in a 
reinforcing bar changes from point to point along the length of the bar. Figure 2.6 
illustrates the free-body diagram of the forces acting on a reinforcing bar in concrete. 
A bond stress (//) develops on the surface of the reinforcing bar if the stress at 
Location 2, ^ 2  (the steel stress), is greater than the stress at a Location As a 
result of maintaining equilibrium in the free-body diagram, the average bond stress 
(jLiav^  can be derived as follows (MacGregor and Wight 2005);
= //ovg W ) ' / (equation 2.1)
4/Mavg = % (equation 2.2)
***A/^ ~(/s2 /ai)-
Where, ^ is the bar diameter, I is the segment length of the bar under consideration or 
the embedment length of the bar.
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The ‘true’ bond stress (///) acting in a very short length of the bar can be written as;
¥ s  _ 4 a  
A/ ÿ)
Where Afs and Al represent small change in the bond stress over a short length and 
the true bond stress is;
At the limit (as zk ^  o) 
df, 4//,
dx (j)
2.4.1.1 Mechanism of bond transfer in concrete
(equation 2.3)
Inclined force
Concrete yBearing 
stressX^/^ \l%
Steel bar
^Splitting stress
Bond stress
Figure 2.7 Bond and splitting stress between a ribbed bar and the surrounding 
concrete (Cairns and Jones 1995a).
The interaction between the reinforcement and concrete is normally considered to 
result from one of three different mechanisms: i) chemical adhesion, ii) friction, and, 
iii) mechanical interlock between the ribs of reinforcement bars and the concrete. For 
plain bars, only the first two mechanisms, chemical adhesion and friction, are 
possible while for ribbed bars the role of mechanical interlock also needs to be 
considered. Bond efficiency is depended on chemical adhesion that results from the 
on-going hydration of the cement paste at the steel surface that forms interlocking
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crystals that promotes bonding between the cement paste and the steel bar and hence 
the concrete. When the bond stress exceeds the chemical adhesion at the 
steel/concrete interface then bar slip can occur, at which point the bond stress is only 
depended on the friction between the steel and the concrete up to the point of failure. 
For ribbed bar once any chemical adhesion is lost the bearing action of the ribs on 
the concrete generates inclined forces that enables the transfer of stress between the 
reinforcement and concrete. The inclined forces, and resultant bearing stress, can be 
resolved into the bond stress (acting along the length of the reinforcement) and the 
splitting stress (acting normal to the surface of the steel). Figure 2.7 (Cairns and 
Jones 1995a).
4 tI' *- u
p
Figure 2.8 Representation of radial stress and a circumferential tension in reinforced
concrete (Cairns and Jones 1995b).
In bars with transverse ribs as bond failure is approached, the bearing stress in the 
concrete generate radial stresses and a circumferential (“ring”) tension in the 
concrete around the bar at an angle Ur to the bar axis. Figure 2.8. As a result of this 
“ring” tension in the concrete cover around the bar, bond failure is usually associated 
with the longitudinal splitting of the concrete along the bar length if the stress 
generated by bond action exceeds the tensile capacity of the concrete. Factors that 
help to prevent such splitting could be expected to increase the usable bond capacity: 
these include a higher concrete strength, heavier shear links and larger concrete
18
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cover to the reinforcement. Experimentally, splitting failures occur when the 
concrete cover is less than 3 times bar diameter (c < 3 ^ . If the cover is larger than 
this, or if sufficient confining reinforcement or transverse pressure opposes the 
bursting force, a pull-out failure develops (Cairns and Jones 1995b).
2.4.1.2 Average bond stress in a beam
1 /
Ti m — — ►  T2 = Ti ^ A T
(c) Bar forces
Mi f = M l  +  A M
(a) Beam
M2 =  M I +  A M
(b) Moment diagram
(d) Part o f  beam between sections 1 and 2 
Figure 2.9 Average flexural bond stress (MacGregor and Wight 2005).
A simple RC beam containing one reinforcing bar, which is loaded in single point­
load in the middle of the beam, can be used to illustrate the concept of calculating 
the average bond stress. Figure 2.9 is the visual representation of the forces and 
stresses between two cracks (between 1 and 2) in the beam. Equilibrium of bar 
forces in Figure 2.9 (c) can be derived from equation 2.1 as follows;
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(^ 2
-
■avg
- • f — 17T(/f y Ax  ^
AM = AT • z
(equation 2.4) 
(equation 2.5)
from the force in the steel 
AM = V -Ax from the free-body diagram in Figure 2.9 (d)
M avg n(j> J
(equation 2.6)
Where, M is the moment acting at the section, A T (= T2 - T 1) is the bar forces, T is 
the tensile force, is the length between two cracks, z is the internal lever arm and 
V is the shear force at the section.
Equation 2.6 represents the average bond stress between two cracks in a beam. 
Furthermore, if there is more than one bar embedded, the circumference of the bar 
{k(^ in equation 2.6 is replaced with the sum of all the bar circumferences.
2.4.1.3 Bond stress in an axially loaded prism
Figure 2.10 illustrates an RC prism containing one reinforcing bar loaded in 
sufficient axial tension to cause multiple-cracking of the concrete. Along the length 
of the prism, the steel stress (^) is given by T / A s  and a portion of the load is 
transferred to the concrete by the bond with the steel. However, multiple-cracks 
cause a discontinuous transfer of load to the concrete, and the resulting distribution 
of steel stress if^  and concrete stress {fc) is shown in Figure 2.10 (b) and (c). 
According to equation 2.3, the bond stress at any point is proportional to the slope of
2 0
Chapter 2 Literature Review
the steel stress at that same point, Figure 2.10 (b). Thus, the bond-stress distribution 
is shown in Figure 2.10 (d). If the steel stress is equal at each of the cracks, then the 
bar force is also equal at the two cracks. This means that AT = 0, and therefore, the 
average bond stress (//avg) is equal to zero, equation 2.5. In this circumstance, the 
total area under the bond-stress diagram between any two cracks in Figure 2.10 (d) 
must also be equal to zero when AT=0.
T m
(a) Axially loaded prism
(b) Variation in steel stress
x r7 7 7 > ^  fc
(c) Variation in concrete stress II I
II
^
(d) Variation in bond stress -  in-and-out-bond stress
1
Figure 2.10 Steel, concrete, and bond stress in a cracked prism (adapted from 
MacGregor and Wight 2005).
The bond stresses given by equation 2.3 and plotted in Figure 2.10 (d) are referred to 
as “true” bond stresses (//J or “in-and-out bond stress” (they transfer stress into the 
bar and back out again) to distinguish them from the average bond stresses, 
(MacGregor and Wight 2005).
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2.4.1.4 Bond and splitting stress in Design codes
Design Codes provide appropriate guidelines to avoid longitudinal splitting of the 
concrete along the bar due to ring tension. To achieve the required “confined” 
conditions a suitable cover depth and the provision of suitable shear links is 
recommended. According to BS EN 1992 (2004); i) the concrete cover, c, to the 
reinforcement should be not less than the diameter of the main bar, (f>, c > ii) 
appropriate concrete cover must be provided to meet the durability requirement 
based on the environmental exposure condition of the structure, and, iii) a minimum 
number of shear links must be provided. Meeting these conditions will normally 
ensure that confined conditions operate within the structures (as defined in Section 
2.4.2.4) and so splitting failure of the concrete cover should be avoided.
According to BS 8110 Part 1 (1997c), bond failure is avoided by providing an 
appropriate embedment length for each bar, and local bond stresses may be ignored. 
The bond test for embedded reinforcing steel (pull-out test) is defined in BS EN 
10080 (2005b).
BS 8110 Part 1 (1997c) requires the checking of the design anchorage bond stress,^, 
which is the average bond stress, calculated as the bar force, Fj, divided by the 
product of the anchorage (or embedment) length, /, and the nominal perimeter of the 
bar:
F
fb = Favg = — ^  < fbu (equation 2.7)
4/Favg = - t r -  < fbu (equation 2.8)
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Where, (j) is the bar diameter, fbu is the design ultimate anchorage bond stress, Fs is 
the bar force ifs 7t(  ^/4) and fs is the steel stress.
According to BS 8110 Part 1 (1997c) the design ultimate anchorage bond stress (/^ «) 
may be calculated from knowledge of the compressive strength of the concrete (/cw) 
using the relationship;
fhu ~ feu (equation 2.9)
Where, y^is a bond coefficient dependent on the bar type. Table 2.1. These values 
include a partial safety factor (ym) of 1.4.
Table 2.1 Bond coefficientp  (taken from BS 8110 Part 1 1997c, Table 3.26).
Bar type p
Bar in tension Bar in compression
Plain bars 0.28 0.35
Type 1 : Deformed bars 0.40 0.50
Type 2:Deformed bars 0.50 0.63
A Type 1 bar is either a plain square twisted bar or a plain chamfered square twisted 
bar, with a pitch of twist not greater than 14 times the nominal bar size. A Type 2 bar 
is one with transverse ribs of a substantially uniform spacing not greater than 0.8^ 
for as-rolled deformed bars or 1.2^ for cold twisted bars; and having a mean area of 
ribs (per unit length), above the core of the bar projected on a plane normal to the 
axis of the bar, of not less than 0.15^  ^ mrr?lmm (British Standards Institution 1997a).
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According to BS EN 1992 Part 1-1 (2004), which replaced BS 8110 Part 1 (1997c), 
the approach to the calculation of the ultimate bond stress has changed from being 
based on the compressive strength (cube strength) of the concrete to being 
determined using the tensile strength of the concrete. Whilst this seems to be a 
fundamentally different approach in reality the concrete tensile strength used in the 
revised code is in fact determined from the cube strength of the concrete using the 
provided table of concrete characteristics (BS EN 1992 Part 1 -1, Table 3.1).
fbd = 2.25 fji ri2fctd (equation 2.10)
Where, ftd  is the design value of concrete tensile strength, r\i is a coefficient related 
to the quality of the bond condition and the position of the bar during concreting, see 
Figure 2.22:
tji = 1.0 when ‘good’ bond conditions are obtained, and, 
r}] = 0.7 for all other cases and for bars in structural elements built with slip- 
forms, unless it can be shown that ‘good’ bond conditions exist 
rj2 is related to the bar diameter: 
rj2 = 1.0 for ^ <32 mm 
r\2 = {\2>2 - f)HOO for (f)>Z2 mm
According to Kong & Evans (Kong and Evans 1987), anchorage bond stress must be 
smaller than ultimate anchorage bond stress to avoid bond failure as shown in 
equation 2.11.
fb<fbu  (equation 2.11)
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Therefore, from the relationship between ultimate anchorage bond stress and 
anchorage bond stress, the steel stress to avoid failure can be derived;
A
4/
< J3y[f^ (equation 2.12)
fs  < ------------ ■ (equation 2.13)
According to BS EN 10080 (2005b), the bond stresses of pull-out test is given by the 
following formula when the embedment length is 5 times of bar diameter;
Mavg= - —  TT ‘ ^  (equation 2.14)
Where, (f> is the bar diameter, Fs is the bar force (tension force), and fm  is the mean 
strength of the concrete in the test specimen.
2.4.1.5 Bond stress in a pull-out test
The reinforcing bar is subjected to direct tension so must be firmly anchored and not 
to be pulled out of the concrete. The anchorage depends on the bond between the bar 
and concrete. Therefore, the study on the bond stress behaviour at the element level 
is a key point and many researchers have used a variety of methods, e.g. pull-out, 
pull-in, beam test, etc., to measure the bond stress-slip behaviour. Section 2.4.2.1. 
The beam test is not considered in this thesis because that is related to flexural-shear 
(Kankam 2003).
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The “pull-out test” is the most common, and possibly the easiest, way to evaluate the 
bond stress of a steel bar under laboratory conditions. The test method is to pull an 
embedded steel bar out of the surrounding concrete specimen, which itself is 
mounted on a steel plate as illustrated in Figure 2.11 (a). Figure 2.11 (b) illustrates 
the steel axial stress along the bar under loading, and Figure 2.11 (c) represents the 
bond stress on the embedded bar which is the actual distribution of the force transfer 
between the reinforcing steel and the concrete from the beginning to the end of the 
test (Nawy 2005).
Frictional 
forces ^
T~r-
f
V / / Ç / A
m T 
(a) Test method
f s
Calculated 
L ^  k—average bond 
y. ^  stress, jUavg
End of test
Beginning 
of test
Bond stress 
distribution
(b) Bar stress (c) Bond stress
Figure 2.11 Stress distribution in a pull-out test (adapted from MacGregor and Wight
2005; Nawy 2005).
This test does not produce a variation in bond stress, as shown in Figure 2.10 (d), 
because the concrete is not cracked. On the other hand, frictional forces are 
generated against the steel plate to resist the transverse expansion of the concrete 
specimen during testing, and this will influence the effective Poisson’s ratio of the 
material.
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One of problem for researchers using the pull-out test method is the non-uniform 
distribution of strain that develops along the length of the bar whilst measuring the 
bond stress-slip behaviour, Figure 2.11. Whilst some researchers have relied solely 
on bar-end displacement others have attached surface-mounted strain gauges on the 
surface of the steel bar to directly measure the local strains. Due to the relative 
movement that can occur at the steel/concrete interface, this can, at large 
displacements, give rise to damage to the strain measuring system. To overcome 
such problems Scott and Gill (1987) developed a method of monitoring strain along 
the bar in which the strain gauges, and the associated wires, were accommodated 
inside a longitudinal groove running down the centre of the reinforcing bar. To 
achieve this they cut a conventional ribbed bar in half down its longitudinal axis. 
Figure 2.12 (a), cut a square section longitudinal groove down the centre line, 
mounted the strain gauges at the required positions and then glued together the two 
halves of the original bar back together using an adhesive. This method is relatively 
time consuming and expensive but produces an instrumented bar with the external 
appearance of a normal reinforcing bar and which can then be used to measure the 
strain development during a pull-out test. A simpler approach was adopted by 
Weathersby (2003) who mounted the strain gauges, and wires, inside of two groove 
machined along the longitudinal rib on both sides of the reinforcing bar. Figure 2.12 
(b). Given that the longitudinal rib is primarily required to help resist torsion effects 
Weathersby argued that the loss of these ribs was not significant.
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Wires
Strain gauge
(a) (b)
Figure 2.12 Modification of steel bar for placement of strain gauges; (a) Strain 
gauges mounted inside a longitudinal groove, after Scott and Gill (1987) and (b) 
Strain gauges mounted inside of two groove along the longitudinal rib on both sides,
after Weathersby (2003).
2.4.1.6 Cross-sectional bar stress distribution 
Bond stress by axial loading
*mca
Steel bar 'avg
-<■ Distribution of the stress
Figure 2.13 Cross-sectional bar stress distribution subjected to axial load (adapted
from Abidin 2003).
When a steel bar embedded in concrete is pulled out in tension, the stress 
development of the bar between the core and the surface is different. The surface 
stress (cr^ ax) is higher than the core stress (cjmi,) due to the shear stiffness of the bar, 
which results in a non-uniform distribution of stresses through the cross-section of 
the bar as shown in Figure 2.13. This can produce different results of measured strain
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when the cross-section of the bar is modified to install the strain gauges and 
associated wires, see Figure 2.12.
The actual bond stress developed between the bar and the concrete is directly related 
to the value of the stress that occurs close to the surface of the bar and the calculated 
bar stress is the average cross-sectional bar stress (<7av^. For the steel bar, the stress 
difference between the core and the surface of the bar is usually considered to be 
unimportant due to the relatively high shear strength of the steel.
2.4.2 Bond Stress-Slip Relationship
The bond stress-slip relationship depends on a number of factors, including bar 
roughness (which is related to rib area), concrete strength, position and orientation of 
the bar during casting, state of stress, the boundary conditions and depth of concrete 
cover (Comite Euro International du Beton 1992). One of the main concepts of the 
RC structure is that concrete and reinforcement have the same strain (% = %) in those 
areas of the structure that are under compression and in uncracked parts of the 
structure under tension.
Generally, in the monotonie loading condition. Figure 2.14, cracks are generated by 
the tensile forces transferred from the reinforcing steel when the steel strain exceeds 
the concrete failure strain. In this circumstance, i.e. in cracked cross-sections, the 
strains are different (so that % #= %) between two cracks or along the transmission 
length, /, or the embedment length of the bar. This means that the absolute 
displacement of the steel {us ^  % A%) and of the concrete {uc = % Ax) are also 
different. The relative displacement (a-) can be derived from equation 2.15.
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-Ax = (g,. • Ax) +As (equation 2.15)
T
Ax
Figure 2.14 Cracks in concrete generated by the tensile force in an axially loaded
prism.
Due to the relative displacement (slip), s ^  Us -  Uc, bond stresses are generated 
between the concrete and the reinforcing steel. The magnitude of these bond stresses 
depend on the surface of the reinforcing steel, the magnitude of the slip (s), the 
concrete strength (fc) and the position of the reinforcing steel during concreting. 
Between cracks, or along the transmission length (/), a part of the tension force of the 
reinforcing steel, acting in the crack, is transferred into the concrete by bond. This is 
the so-called “tension stiffening” effect (Comite Euro International du Beton 1992).
2.4.2.1 Experimentally observed bond stress-slip behaviour
Bond stress behaviour as a function of bar slip has been studied by many researchers 
using a number of different test methods, e.g. pull-out and lap tests (for studying 
anchorage bond stress), beam bend tests (related to flexural-shear), and other tests 
conducted with various bar orientations and modifications, etc. (Kankam 2003). 
Typical bond failure modes are by splitting failure and shear failure and are related to 
the confined condition so bond behaviour can be categorised into reinforcement type
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and confinement. Lundgren (2007) has reviewed both the bond behaviour for 
uncorroded structures and the effect of corrosion on bond in a systematic way. She 
has identified three important parameters that influence bond behaviour; i) the type 
of reinforcement, ii) the presence of transverse reinforcement (stirrups), and, iii) the 
presence of splitting cracks during the pull-out test. Figure 2.15.
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Figure 2.15 Bond behaviour for uncorroded structures and the effect of corrosion on
bond (Lundgren 2007).
Reinforcement type has a strong influence on the bond stress-slip relationship. 
According to the CEB-FIP model code (Comite Euro International du Beton 1992), 
the peak-bond stress of smooth (plain) bars in the pull-out test is 25 times lower than 
ribbed bars of the same diameter, see Section 2.4.2.4. As a consequence of the 
relative inefficiency of plain bar there has been a significant development in the 
types and styles of ribbed bar that have become available. With modem rib patterns 
the bond between the concrete and the steel is significantly increased so that the
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stress is more uniformly distributed down the bar length. As a result to further 
increase the section capacity it becomes necessary to increase the tensile capacity of 
the bar by moving from mild steel to high tensile steel. Therefore, in this thesis the 
capacity and contribution of modem bar to the bond stress behaviour has been 
investigated. The transverse reinforcement has an influence on the post-peak bond 
stress-slip behaviour. In the case of splitting failure, where unconfined conditions 
allow cracking of the concrete cover, brittle failure occurs when transverse 
reinforcement is absent and when it is present, ductile failure is observed. Figure 2.1. 
In the case of shear failure, where confined conditions prevent cracking of the 
concrete cover, the bond stress-slip behaviour is similar with or without transverse 
reinforcement and generally showed more ductile failure. Figure 2.15.
Extension of 
serviceability
ULS
i^ SLS
Ductile failure
 ►
DisplacementSSLSl SuLS Ssl S2
Figure 2.16 Extension of serviceability after peak bond stress.
In reviewing the available literature it is apparent that the post-peak bond behaviour 
is relatively poorly understood. This is because the ultimate (peak) bond stress ( P u l s )  
is usually measured within 1 mm of slip ( s u l s )  s o  many researchers have 
concentrated on measuring the bond stress relationship on a scale of a couple of
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millimetres. However, it is known that a real RC structure can survive for a 
considerable time in the post-peak behaviour region (ssLsz), Figure 2.16. In the case 
of the Sampoong Department Store Collapse, a crack of 10 cm in width was 
monitored before the eventual collapse occurred, see Section 2.2.2. This case 
illustrates that a structure can exhibit high ductility as a consequence of the 
composite response of the many individual elements within the structure. Figure 2.16. 
As a consequence, for the safety of people in the structure, the post-bond stress 
behaviour at the element level needs to be studied to better understand large scale 
displacement phenomena.
The effect of corrosion on the bond of steel in concrete has been studied by many 
researchers (Cantrell 2002; Lee, Noguchi et al. 2002; Fang, Lundgren et al. 2006; 
Lundgren 2007) because the corrosion process occurs mainly at the interface 
between the steel and the concrete. The corrosion of steel in concrete disturbs the 
concrete/steel interface and consequently impacts on the bond stress slip behaviour. 
This is due to i) a reduction of cross-sectional area of the reinforcement, and ii) 
cracking of the concrete cover due to volume increase of the corrosion products, both 
of which result in a reduction of load carrying capacity. Section 2.5. Therefore, in 
this thesis the effect of corrosion on the bond behaviour based on degrees of 
corrosion has been studied. In the confined condition under corrosion attack, bond 
stress increases at low degrees of corrosion and then dramatically decreases as the 
degree of corrosion increases. In the unconfined condition, bond stress decrease in 
ribbed bar and increase in plain bars up to increasing degree of corrosion (Lundgren 
2007).
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2.4.2.2 Stages of pull-out failures
> Transverse cracking
> Partial splitting
> Through splitting
Stage II
Stage/
Stage III
Residual strength 
(friction)
Stage IVq. Plain bar; pull-out failure
Slip (s)
Figure 2.17 Stages of the local bond stress-slip law (adapted from FIB Task Group
2000).
As previously mentioned, the bond between the concrete and steel allows 
longitudinal forces to be transferred from the reinforcement to the surrounding 
concrete in RC element by a combination of mechanical bearing, adhesion and 
friction. This force changes along the length of embedment in the concrete. When the 
strains differ from steel to the concrete, a relative displacement (slip, s) occurs, see 
Section 2.4.2. Generally, the interaction between the concrete and'steel can be 
characterised by different stages subjected to a pull-out test under the elastic range of 
the steel bar. Figure 2.17.
Stage I  (uncracked concrete): at low bond stress values, / /< // ;  = (0.2~0.8)*^f, the 
concrete strength in tension, the bond efficiency is the result of chemical and 
physical adhesion, and slip does not occur. Due to the absence of transverse ribs, no
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mechanical bearing can occur in the plain bar, and so the bond stress of plain bar 
is lower than the bond stress of ribbed bar Figure 2.17. There is a slip
measured proportionally in spite of the fact that there is no relative displacement. 
This is because the strain of the concrete at the interface with the steel and the strain 
in the reinforcement have the same value (sc = Ss), Figure 2.18.
Reference point Slip
Steel bar in tensionSteel bar
Reference
section
Reference
section
Figure 2.18 Relative bar displacement under same strain of concrete and steel 
(adapted from FIB Task Group 2000).
Stage I I  (first cracking): when the chemical adhesion breaks down the bond stress 
value is higher, fj, > jui. In the case of ribbed bar a large bearing stress is generated in 
the lugs and also “transverse cracks” generated at the tip of the lugs. As a result, the 
bar slips but no concrete splitting occurs.
Stage HI: the longitudinal cracks spread radially when the bond stress values is 
higher, // > In this stage, the bond stress is high enough to break the
concrete in front of the lugs and this is resisted by radial stresses in the surrounding 
concrete, see Section 2.4.1.3. As a result, “partial splitting” occurs along the bar. In 
the case of low confinement conditions, light transverse reinforcement or low depth 
of concrete cover, this stage ends as soon as concrete splitting reaches the outer 
surface of the concrete (through splitting, jus). In the case of moderate confinement, a
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pull-out failure occurs even after through splitting has developed. This can be 
defined as “splitting-induced pull-out failure” (Stage IVb, splitting failure), Figure
2.19 (b). In the case of heavy confinement, heavy transverse reinforcement or a large 
concrete cover, “splitting failure” is prevented (Stage IVc, pull-out failure).
Stage IVa'. this stage follows failure of the adhesive bond in plain bar after Stage //, 
and force transfer is depended only on the friction generated by the transverse 
pressure that is generated by concrete shrinkage and bar roughness.
Stage IVbi in the case of ribbed bar under light confinement, longitudinal cracks 
(splitting cracks) are generated along the bar and breaks through the concrete cover, 
and the bond tends to fail suddenly. Despite concrete splitting, bond efficiency can 
be retained by providing a sufficient amount of transverse reinforcement or depth of 
concrete cover. Up to increasing slip values, the bond strength reaches a peak and 
then starts decreasing. However, in this case the bond strength remains significant 
even at very large slip values.
Stage IVci in the case of ribbed bar under heavy confinement condition, heavy 
transverse reinforcement or large concrete cover, bond failure is induced by bar pull- 
out only, not by longitudinal splitting of the concrete. Figure 2.19 (a). In this stage, 
the force transfer mechanism changes from rib bearing to friction.
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Rib face
Rib face 
angle
(a) (b)
&
(c)
Figure 2.19 Modes of bond failure: (a) pull-out; (b) splitting 1, and (c) splitting 11 
(Cairns 1992; FIB Task Group 2000).
One type of bond splitting failure is splitting-induced pull-out and this is 
accompanied by crushing and/or shearing-off in the concrete below the ribs, Figure
2.19 (b). The other type of bond splitting failure occurs where splitting is 
accompanied by slip on the rib faces when the rib face angle with the bar axis is less 
than 30°.
2.4.2.3 Factors influencing the bond stress-slip relationship
There are many factors that influence the bond strength between the reinforcement 
and concrete (Kennedy 2000);
■ Depth of cover, concrete strength, proximity of bar to corner of the member, 
and whether top or bottom cast;
■ Main bar diameter and rib type, direction and orientation;
37
Chapter 2__________________________   Literature Review
■ Stirrup diameter, bar type, spacing, proximity of corner to main bar, and bend 
diameter;
■ Whether there was a vertical crack in the cover longitudinally along the main 
bar;
The ultimate (or peak) bond stress is dependent on the bar size. For all bar sizes ( ^  
greater than 32 mm the bond stress should be additionally multiplied by a factor (132 
- ^/lOO (Mosley, Bungey et al. 2007).
2.4.2.4 Local bond stress-slip model
For the study of bond behaviour, the constitutive model for a whole RC member is 
too large scale to conduct the experimental test. A meso-scale model, ‘local bond-slip 
model’, was used to represent the average result (Maekawa, Pimanmas et al. 2003). 
This has the advantage to analyse bond-slip relations and bar stress-strain model.
The local bond stress is defined as the force transferred from the reinforcing bar to 
the concrete per unit bar surface area and is proportional to the slope of the strain 
distribution curve in the elastic range of the bar. The local slip is defined as the 
relative displacement between the steel and concrete at the contacting face. The bond 
stress-slip relation would not exist unless the strain of steel is introduced into the 
relation. The strain of steel in concrete indicates damage of concrete around steel 
because the local strain of the steel is equivalent to the average strain of the 
surrounding concrete including bond cracks (Maekawa, Pimanmas et al. 2003).
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The bond stress-slip curve in an axially loaded prism, considered as a statistical 
mean curve is, according to CEB-FIP model code 90 in 1992 (Comite Euro 
International du Beton 1992), applicable as an average formulation for a broad range 
of cases as shown in Figure 2.20.
3I
1pq
Slip (s)
Figure 2.20 Analytical bond stress-slip relationship for ribbed bars in an axially 
loaded prism by CEB-FIP model code 90 (Comite Euro International du
Beton 1992).
I
I
Figure 2.21 Simplified bond-slip relationship for ribbed bars in the elastic range in 
well-confined concrete by Fluang, Engstrom, and Magnusson (FIB Task Group
2 0 0 0 ) .
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An updated version of simplified bond-slip relationship for ribbed bars in well- 
confined concrete was proposed by Huang, Engstrom, and Magnusson in 1996 (cited 
by FIB Task Group 2000), Figure 2.21,
The first curved part between 0 and sj, represented by equation 2.16, refers to the 
stage in which the ribs penetrate into the mortar matrix, and is characterised by local 
crushing and micro-cracking. The horizontal portion of the curve between si and S2, 
represented by equation 2.17, occurs only for confined concrete. Figure 2.21, and is 
associated which crushing and shearing off of the concrete between the ribs. The 
decreasing portion of the curve between S2 and S3, represented by equation 2.18, 
refers to the reduction of bond resistance due to the occurrence of splitting cracks 
along the bar (bond failure). The decreasing branch between S3 and S4, represented by 
equation 2.19, refers to the reduction of the residual bond capacity (///) due to the 
gradual degradation of the interface in the final frictional phase.
As a result of the bond stress in ribbed bar a large bearing stress is created in the 
transverse rib that generates significant radial stress. The maximum bond stress 
occurs when the concrete in front of the rib is broken {jUmax at si). Under confined 
conditions the maximum bond stress is maintained provided longitudinal splitting 
does not occur {jUmax at si to S2). At this point, the force transfer mechanism changes 
from rib bearing to friction so a dramatic reduction of the bond stress occurs 
reaching the residual bond stress (juf at S3).
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For an axially loaded prism the bond stresses between concrete and reinforcing bar 
can be calculated as a function of the relative displacement according to equations 
2.16 to 2.19 (Comite Euro International du Beton 1992).
max v^m ax
S-Sn
3^ S2 j
s - s .
\^4 3^ y
for 0 < 5  
for Si <s <S2
for S 2 < S  < S 3
for S3 < s< S 4
(equation 2.16) 
(equation 2.17)
(equation 2.18) 
(equation 2.19)
If the rib area, or surface roughness, of the bar increases, the maximum bond stress 
i^max) increases and the characteristic slip value (ay) decreases but this effect is 
considered to be small and so is neglected in this analysis. Finally, the dependence of 
bond properties upon concrete compaction and curing is neglected as well.
The parameters given in Table 2.2 are valid for the mean bond stress-slip relationship 
of ribbed bars and Figure 2.20 shows its relationship in an axially loaded specimen 
according to the CEB-FIP model code 90 (Comite Euro International du Beton 1992).
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Table 2.2 Parameters for defining the mean bond stress-slip relationship of ribbed 
bars given in Figure 2.20 (taken from Comite Euro International du Beton 1992).
Unconfined concrete Confined concrete
Good bond 
conditions
All other bond 
conditions
Good bond 
conditions
All Other bond 
conditions
Si 0.6 mm 0.6 mm 1.0 mm 1.0 mm
S2 0.6 mm 0.6 mm 3.0 mm 3.0 mm
S3 1.0 mm 2.5 mm Clear rib spacing Clear rib spacing
a 0.4 0.4 0.4 0.4
f^ max i.oVxJ 2-5VZ: 1-25VZ:
Mf 0.15y//7/flx QASfitnax ^A/imax ^Afiinax
According to the CEB-FIP model code 90 where unconfined concrete fails by 
splitting, suitably confined concrete fails by shearing of the concrete between the 
ribs. Unconfined concrete is defined as when the concrete cover (c) = 1^, and a 
minimum transverse reinforcement {As,min) equal to 0.25nAs. (Where, ^ is the bar 
diameter, n is the number of bars enclosed by stirrups, and As is the area of one bar.) 
Confined concrete is defined as when the concrete cover (c) > 5 or closely spaced 
transverse (enclosing) reinforcement with an area Ast > nA^, depending on the main 
influencing factors: confinement, bond condition and concrete strength. (Where, Ast 
is the area of stirrups over a length equal to the anchorage length.) The horizontal 
section {si si) of the curve in Figure 2.21 corresponds to confined concrete.
Bond condition is related to the properties of concrete because influencing factors 
are fixed, such as, depth of concrete cover, geometry and state of the surface of the 
reinforcement. Good bond conditions are considered to be when bars are i) inclined 
at an angle of between 45° and 90° to horizontal or ii) zero to 45° provided with 
additional requirements. Additional conditions are, iii) bars are either placed in
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members whose depth in the direction of concreting does not exceed 250 mm, or, iv) 
bars are embedded in member with a depth greater than 250 mm and are either in the 
lower 250 mm of the member or at least 300 mm from the top surface when the depth 
exceeds 600 mm. Figure 2.22 (British Standards Institution 2004; Mosley, Bungey et 
al. 2007). When bond conditions belong to all other cases then the specified bond 
stresses should be reduced by a factor of 0.5, Table 2.2.
Direction of concreting
45° < a  < 90° 
for all values of h
h > 250 mm
S TO T O ?
h < 250 mm h > 600 mm
00 &)
Figure 2.22 Definition of good and all other bond conditions; (a) Good bond
conditions for all bars, (b) Good conditions in unhatched zone and poor bond
conditions in hatched zone.
Depending on the selection of the coefficient a  (0 < a < 1) in equation 2.16 all the 
usual forms of a bond stress-slip relationship can be modelled, starting from a bond 
characteristic with a constant stress (a = 0) up to a bond stress-slip relationship with 
linear increasing bond stress (a = 1).
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According to the FIB Task Group on Bond Models (FIB Task Group 2000), the 
parameters for the bond stress-slip relationship given in Table 2.3 are valid for ribbed 
reinforcing steel embedded in well confined concrete and Figure 2.21 shows its 
relationship in an axially loaded specimen. High-strength concrete is defined as 
having a mean compressive strength in the range of 60 -  120 MPa according to 
standard tests on concrete cylinders (72 -  145 MPa on the concrete cube strength 
tests according to ENV 206 (1992)).
Table 2.3 Parameters for defining the simplified bond stress-slip relationship of 
ribbed bars given in Figure 2.21, according to Huang, Engstrom, and Magnusson in 
1996 (cited and adapted by FIB Task Group 2000).
Bond conditions
Normal-strength concrete High-strength concrete
Good All other cases Good All other cases
Si 1.0 mm 1.0 mm 0.5 mm 0.5 mm
S2 3.0 mm 3.0 mm \.5mm 1.5 mm
S3 Clear rib spacing Clear rib spacing Clear rib spacing Clear rib spacing
S4 3 # 3-55 3) - S3 3-^5
a 0.4 0.4 0.3 0.3
Pmax
0.54/,„ 0 .2 % 0 .5 % 0 .2 %
(equivalent) (equivalent) (equivalent) (equivalent)
Pf 0.4 fiinax 0.4 fXmax 0.4 flmax 0.4 flmax
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Slip (s)
Figure 2.23 Analytical bond stress-slip relationship for plain bars in an axially loaded 
prism by CEB-FIP model code 90 (adapted from Comite Euro International du Beton
1992).
The bond stress of plain bar, dependent on adhesion and friction, is usually lower 
than the bond stress of ribbed bar due to the additional mechanical bearing provided 
by the ribs. The maximum bond stress of plain bar occurs when the chemical 
adhesion breaks down {jJmax at s\) and the residual bond stress is induced by friction 
between the bar and concrete (/^at si). Figure 2.23.
The parameters given in Table 2.4 are valid for plain reinforcing steel, depending on 
the main influencing factors: roughness of the bar surface, bond conditions and 
concrete strength (Comite Euro International du Beton 1992). They are valid for 
confined and unconfined concrete.
According to CEB-FIP model code 90 (Comite Euro International du Beton 1992), 
the scatter of different test series is considerable especially for small values of slip. 
For a given value of slip the coefficient of variation of the bond stresses may amount 
to approximately 30 %. This scatter is due to the use of different test specimens.
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thereby creating different states of stress in the concrete surrounding the reinforcing 
bar, to the different measuring techniques, and to different speeds of loading and 
deformation. The heterogeneity of the concrete and the geometry of the reinforcing 
bars (rib area, diameters) also have a significant influence on the ^-s relationship.
Table 2.4 Parameters for defining the bond stress-slip relationship of plain bars
&
(according to equations 2.16 to 2.18) (Comite Euro International du Beton 1992).
Cold drawn wire Hot rolled bars
Good bond 
conditions
All other bond 
conditions
Good bond 
conditions
All other bond 
conditions
Si 0.01 mm 0.01 mm 0.1 mm 0.1 mm
a 0.5 0.5 0.5 0.5
f^ nax ~ fJf o.iVZT o.osVZT 0.3VZ7 0.15VZT
2.4.3 Load and Displacement Control
Many experimental pull-out tests have been carried out using load (or force) control, 
especially in CEB-FIP model code 90 (Comite Euro International du Beton 1992). 
When concerned with measuring the bond stress-slip behaviour up to the peak bond 
stress, the use of load control does not affect the test results. However, when 
measuring the post-peak bond stress behaviour the use of load control may not allow 
the large displacement response to be monitored with adequate sensitivity. Therefore 
in this study the displacement control was introduced because of relatively 
sensitivity of measuring post-peak behaviour than the load control.
Figure 2.24 shows the difference between the load control and displacement control. 
Load control is to load the force in time interval (in N/sec) to monitor the dependent
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variable (5) at the independent variable (P), defined as 5 = f(P). However, 
displacement control is to load the displacement in time interval (in mm/min) to 
monitor the dependent variable (/*) at the independent variable (5), defined as P = 
f(s). It means that the output load at a fixed displacement can be monitored more 
accurately and flexibly during the test.
ds
(a)
 '— ►
Load (P) Displacement (mm)
dP
(b)
 '— ►
Displacement (5) Displacement (mm)
Figure 2.24 Load control vs. displacement control; (a) load control at a fixed load, P, 
(b) displacement control at a fixed displacement, s.
Displacement control is more stable than load control, in the pull-out experimental 
test, the driving load actually decreases with slip growth in displacement control. If 
the pull-out test is in load control, it is dependent on instability of shear failure, 
where the driving load to generate the break force of the bond between the concrete
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and the bar causes shock to the concrete. For instance, in the case of plain bar test 
under the load control, the maximum bond strength is constant until the bar pulled 
out (si = S2 = S3 at jUmax) in Figure 2.23, see Section 2.4.2.4. In the ease of ribbed bar 
test under the load control, monitoring load (or bond stress) at the dramatic change 
section especially after passing maximum bond stress (from S2 to S4) is not smoothly 
monitored that means the load control was not sensitive and flexible enough to 
monitor in details in Figure 2.20 and 2.21, see Section 2.4.2.4. In displacement 
control, the pull-out bar in the specimen is stable because the driving load monitors 
sensitively with slip growth (Anderson 1995). Furthermore, express fracture 
mechanism in the concrete and it is working in displacement control. The only 
situation where displacement control does not work effectively is when there are 
“reversals” and mode jumping or snapping, e.g. the buckling of shell structures, but 
these are not relevant to pull-out testing
2.5 THE CORROSION OF STEEL IN CONCRETE
Steel reinforcement in concrete does not normally corrode in spite of the fact that the 
surrounding concrete is porous and contains both moisture and oxygen. This is 
because in freshly cast concrete the steel is protected by the highly alkaline 
environment, pH > 12.5, produced by hydroxides (of sodium, calcium, and 
potassium) released by the hydration of Portland cement (Bamforth 2004). In these 
highly alkaline conditions a protective (“passive”) oxide layer, is formed and 
maintained on the surface of the steel. A passive layer is a dense, impenetrable film 
that, if fully established and maintained, prevents further corrosion of the steel 
(Broomfield 1997).
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Passive layer formation normally protects the steel reinforcement from corrosion but 
when the pH of concrete falls below about pH 10 (by carbonation) or when the 
chloride concentration (commonly from seawater or de-icing salts) near the steel 
reaches 0.1 % of the concrete mass, this layer is less effective (Mulheron 2002). 
When depassivation begins the propagation of corrosion may start, resulting in loss 
of steel section and eventually spalling of the cover concrete (Lambert and 
MacDonald 2001). Due to the surface nature of the corrosion process, and the 
products that are formed, it is likely to influence the bond characteristics of the steel. 
It is of note that over the past 20 years there has been increased use of blended 
cements for the manufacture of reinforced concrete structures and the current 
standard, BS EN 197 Part 1 (2000a), defines five main types of cement -  Type 1 
being > 95 % Portland cement and the others. Types 11 -  V, being blends of Portland 
cement with significant additions of other materials. The use of secondary materials, 
such as GGBS, PEA and microsilica (silica fume), provide a methodology for both 
reducing the financial and environmental cost of the concrete whilst at the same time 
increasing the potential durability of RC structures. The advantages of such cement 
blends include reduced thermal effects (in thick sections), reductions in the porosity 
and permeability of the hydrated cement paste and better resistance to chloride ion 
penetration (Concrete Society Working Party 1991). In addition, it is likely that by 
modifying the hydration process, and the subsequent development of microstructure, 
that some additions, e.g. PEA and mierosilica, may alter the bond that develops with 
the steel. However, care must be taken when using such materials to ensure that 
adequate curing of the concrete cover is achieved so that the delayed strength 
development associated with many cement blends does not lead to reduced 
performance in real world structures.
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2.5.1 The Corrosion Process
As noted previously, under the alkaline environment in concrete the passive layer on 
the steel surface is usually maintained. However, two processes, carbonation and 
chloride attack, can break down the passivating environment in concrete.
A
Ionic
'O
<7
current X V  ^
^ !602+H 20+2e ->  2 0 H
Cathode
Electronic
current
Anode
Figure 2.25 The anodic and cathodic reactions (Broomfield 1997).
If the passive layer is broken down, the rust starts to appear on the steel surface, 
Figure 2.25. This occurs by the process of aqueous corrosion in which the steel 
dissolves in the pore water and gives up electrons in what is called the anodic 
reaction;
The anodic reaction: Fe Fe^  ^+ 2e
(Iron Iron ion + electrons)
(equation 2.20)
The anodic reaction creates two electrons (2e ) and these must be consumed because 
large amounts of electrical charge cannot build up at one place on the steel.
50
Chapter 2 Literature Review
Therefore, for the rusting process to continue another ehemieal reaction must 
consume the electrons. This occurs through a cathodic reaction in which typically 
water and oxygen are required;
The cathodic reaction: 2e“ + H2 O +1402 2(0H~) (equation 2.21)
I
(Electrons + water +Oxygen Hydroxyl ion)
Due to the anodic and cathodic reaction, dissolved metal ions (Fe^^ will eventually 
react with hydroxyl ions (OH^ to initially form Ferrous hydroxide (Fe(OH)2), black 
rust, as shown in equation 2.22. This ferrous hydroxide then reacts with water and 
oxygen to form ferric hydroxide (4Fe(OH)3) as shown in equation 2.23 and ferric 
hydroxide gives up water to form hydrated ferric oxide (2 Fe2 0 3 *H2 0 ) as shown in 
equation 2.24 and this is called red rust (lllston and Domone 2001). This rust has a 
significantly larger volume than the original steel section from it is derived. Figure 
2.25.
+ 20H" ^  Fe(0H>2 (equation 2.22)
(Ferrous hydroxide)
4Fe(OH)2 + O2 + 2 H2 O 4Fe(OH)3
(Ferric hydroxide)
(equation 2.23)
4Fe(OH)3 2 FC2 0 3 -H2 0  + 4 H2O
(Hydrated ferric oxide or rust)
(equation 2.24)
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2.5.2 Corrosion Types
Corrosion types of steel ean usefully be classified according to the causes and 
appeared forms of corrosion on the steel surface in concrete, for instance, in general 
corrosion (microcell), local corrosion (macrocell) and pitting corrosion.
2.5.2.1 General corrosion (Microcell)
General corrosion is normally induced by carbonation and can result in cracking and 
eventual spalling of the concrete cover. Carbonation in the form of CO2 dissolved in 
the capillary pore water penetrates the concrete as a front from atmospherically 
exposed surfaces of the concrete. When it reaches the embedded steel, the protective 
passive layer starts to depassivate due to a reduction of the pH of the concrete (BA 
35/90 1990; BRE Digests 2000; Lambert and MacDonald 2001), and thus the 
corrosion of steel is propagated.
This form of corrosion results in generally uniform attack of the metal surface, often 
resulting in an ‘orange peel’ effect. The rate of penetration into the metal surface due 
to general corrosion is less than that of more localised forms of corrosion, such as 
pitting or crevice corrosion, though it often results in a greater degree of rust 
generation and staining (Lambert and MacDonald 2001).
2.5.2.2 Local corrosion (Macrocell)
Macrocell corrosion is a very localised form of corrosion attack and induces the 
reduction of the cross section of the embedded bar at specific points, and is usually
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found in bridge decks or substructures. Macrocell corrosion frequently occurs in 
chloride induced corrosion of steel reinforcement in concrete under the environment 
of a local anode and a large cathode (BA 35/90 1990; Broomfield 1997; Jaggi, Bohni 
et al. 2001 ; Elsener 2002).
Macrocell corrosion is often highly localised, with a few centimetres of corrosion 
and then up to a metre of clean passive bar. This indicates the separation of the 
anodic reaction and the cathodic reaction, to form a ‘maerocell’. Chloride induced 
corrosion gives rise to particularly well-defined maerocells (Jaggi, Bohni et al. 2001). 
This is partly due to the mechanism of chloride attack, with pit formation and with 
small concentrated anodes being ‘fed’ by large cathodes. It is also because chloride 
attack is usually associated with high levels of moisture giving low electrical 
resistance in the concrete and the easy transport of ions so the anodes and cathodes 
can separate easily over large distances.
2.5.2.3 Pit formation
The chemistry of pitting is quite complex. However, the principle is fairly simple, 
especially where chlorides are present. At some suitable site on the steel surface 
(often thought to be a void in the cement paste or a sulphide inclusion in the steel), 
the passive layer is more vulnerable to attack and an electrochemical potential 
difference attracts chloride ions. Corrosion is initiated and acids are formed; 
hydrogen sulphide (H2 S) from the sulphide inclusion (MnS) and hydrochloric acid 
(HCl) from the chloride ions (Cl") if they are present. Iron dissolves (equation 2.20), 
and the iron in solution reacts with water.
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Fe^  ^+ H2O —> FeOH^ + Fl  ^ (equation 2.25)
MnS + 2H^ —> H2 S + Mn^^ (equation 2.26)
As a pit forms, a layer of iron oxide may form over the pit, concentrating the acid 
(H^) within the pit, and excluding oxygen so that the iron stays in solution 
preventing the formation of the protective oxide layer and accelerating corrosion.
2.5.3 Cause and Mechanisms of Rebar Corrosion
The most common causes of depassivation in concrete are carbonation and chloride 
attack. They break the passive layer on the steel reinforcing steel in concrete and 
then corrosion process of steel in concrete initiates (Broomfield 1997). Although 
cracking is not a depassivating agent, it is, however, one of the potential causes to 
induce the early corrosion of steel in concrete.
2.5.3.1 Carbonation of cover concrete
Carbonation is the result of the interaction of carbon dioxide (CO2) gas in the 
atmosphere with the alkaline hydroxides in the concrete. The carbon dioxide 
dissolves in the capillary water to form an acid. This carbonic acid (H2CO3) does not 
directly attack the cement paste. However, it will neutralise the alkalis in the pore 
water, mainly forming calcium carbonate (CaC0 3 ). Neutralization is usually 
described by the following simplified equations;
CO2 + H2O H2CO3 (equation 2.27)
(Carbon dioxide gas + Water —> Carbonic acid)
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H2 CO3 + Ca(0 H) 2  CaC0 3  + 2 H2O (equation 2.28)
(Carbonic acid + Pore solution Calcium carbonate + Water)
The formation of calcium carbonate afreets the local alkalinity of the concrete. 
However, the concrete is not neutralised immediately because of the presence of 
large volumes of calcium hydroxide (Ca(OH)2) within the hardened cement paste. In 
normal conditions the pH of the concrete is around pH 12.5, as the pore solution 
keeps maintains the alkaline environment, but eventually the calcium hydroxide will 
be consumed so the local pH will reduce to about 9 (Parrott 1987).
The process of carbonation causes the surface layer of the concrete to produce a skin 
of material that, due to loss of water, will undergo shrinkage. This shrinkage is 
restrained by the underlying concrete and so the surface layer is placed in tension 
and quickly cracks producing a “crazed” surface. Therefore, carbon dioxide can 
penetrate through the carbonated skin to the next layer and so the process continues 
as illustrated in Figure 2.26 (a). Eventually, the carbonation zone has penetrated deep 
enough to reach the reinforcing steel. In this environment, the passive layer cannot 
be maintained and furthermore, propagation of the corrosion of steel in concrete will 
be activated as shown in Figure 2.26 (b) (Bamforth 2004). Usually carbonation 
causes continuous corrosion observed along the reinforcing steel which is called 
general (mierocell) corrosion. The steepness of the carbonation front, even in low- 
grade concrete, suggests that the rate at which the front proceeds may be limited by 
the reaction, equation 2.28, that is the chemical buffering capacity.
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Carbonated zone
Rcinl'orcing steel 
Rust patches
Aggregate 
Non carbonated zone
(a) (b)
Figure 2,26 Diagrammatic view of reinforcing steel in the concrete; (a) steel 
protected from carbonation-induced corrosion partially carbonated concrete, (b) steel 
corroding in carbonated concrete (adapted from BRE Digests 2000). Note: Shaded 
zone indicates regions where pH > 10.5.
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Carbonated
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Depth
Figure 2.27 The typical shape of a carbonation front (Bamforth 2004).
The carbonation front is usually very steep and, the boundary face between 
carbonated and non carbonated zone, level of pH is dramatically changed from 9 to 
13, is over a few millimetres as shown in Figure 2.27.
The depth of carbonation, under ideal conditions in laboratory tests, is usually 
expressed as follows;
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(equation 2.29)
where d  is the depth of carbonation (in mm) after time in year t, and k is constant that 
is related to the chemical and physical properties of the concrete (range from 0.1 to 
1.0 TMm/year^  for precast concrete and from 1 to 3 ^Mm/year  ^for concrete cast in situ) 
(Mulheron 2002). In general, carbonation depths are typically 16 mm in 16 years in 
poor quality concrete and 4 mm in 20 years in a good quality concrete (Broomfield 
1997).
Concrete carbonation always occurs, sooner or later, depending on the concrete 
properties and the environmental characteristics. When carbonation affects the full 
concrete cover depth, decreasing its alkalinity, reinforcing bars are depassivated, and 
only the presence of humidity is necessary to develop a corrosion process.
I| Too dry Too wet
0 50 70 100
Relative Humidity (%)
Figure 2.28 Rate of carbonation up to the relative humidity.
The reaction of carbon dioxide and caleium hydroxide occurs in solution, and hence 
in very dry concrete carbonation will be slow as the gaseous CO2 must react with 
solid Ca(OH)2 . In highly saturated concrete the moisture presents a barrier to the
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penetration of CO2 , and again carbonation rates will be low. The most severe 
condition for carbonation is one in which there is sufficient moisture for the reaction 
to occur, but not enough to act as a barrier. This eondition usually occurs when the 
concrete is exposed to a relative humidity in the range 50 -  70 % as shown in Figure 
2.28 (Bamforth 2004).
Carbonation is easy to detect and usually measured by pH indicator, such as 
phenolphthalein in a solution of water and alcohol. Simply applied on freshly 
exposed concrete face and detecting the change in pH. Phenolphthalein changes from 
colourless at low pH (carbonation zone) to pink at high pH (uncarbonation zone) 
(Parrott 1987).
The CO2 content of the air is normally about 0.3 %. However, this may increase in 
industrial environments and is particularly high within buildings occupied by human 
beings. As a consequence significant carbonation is often encountered within 
buildings rather than on externally exposed surfaces.
2.5.3.2 Chloride attack
Chloride attack occurs when chloride ions (Cl ), present in the pore solution of the 
concrete, reach the surface of the steel and cause localised breakdowns in the 
protective oxide film and a localised corrosion process is initiated in the depassivated 
steel surface (Pettersson 1996). Hydroxyl ions (OH) counter the depassivation 
process by repairing the damaged passive film. However, at a critical 
chloride/hydroxyl ratio of about 0.6, the breakdown of the film is irreversible and 
pitting corrosion occurs as shown in Figure 2.29.
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Figure 2.29 The mechanism for pitting corrosion by chloride attack (BRE Digests
2000).
Corrosion in the anodic area is driven eiectrolytically by cathodic reactions on the 
nearby cathodic areas (uncorroding steel) and the cathodic area exceeds the anodic 
area. Therefore, corrosion is concentrated in the anodic region and a “pit” is formed. 
Local corrosion, such as pitting, is intense and in the certain condition (especially 
where chlorides are present) it grows quickly to deep depth. Therefore, it influences 
the mechanical properties of the reinforcement such as yield point, tensile strength 
and elongation to failure (Morinaga 1996).
In general, chloride induced corrosion forms macro-cell corrosion which is not 
continuous along the reinforcement because of anodic and cathodic reactions are 
separated with large cathodic areas supporting small concentrated anodic area.
Sources of chlorides in hardened concrete are generally considered to be either 
chloride contained within the concrete from the point of casting or chloride ions 
which have diffused into the concrete from the outside. Chloride ions included 
during casting can come from admixtures, contaminated mixing water (sea water)
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and contaminated aggregates (sea dredged aggregates). In the case of chloride ions 
from the outside, chlorides are diffused due to direct contacting of sea water (marine 
structures), de-icing salts and the use of chemicals (salt storage and brine tanks) 
(Broomfield 1997).
Chlorides are not consumed in the process of corrosion but help to break down the 
passive layer of oxide on the steel and allow the corrosion process to proceed quickly. 
This is why the passive layer is difficult to maintain. Therefore, it is necessary to 
limit the level of chlorides in the concrete and it is called a chloride threshold for 
corrosion in terms of the chloride/hydroxyl ratio. It has been measured in laboratory 
tests with calcium hydroxide solutions. In the UK, the risk of corrosion from 
chlorides cast into concrete is very low since the restrictions in 1977. The level of 
permitted chloride content in concrete depends on the type or use of the concrete 
concerned. According to BS EN 206 Part 1 (2000b), recommended limits of total 
chloride ion content expressed as a percentage by mass of the total cement content of 
the mix is 0.1% of chloride ion by mass of the total cement content of the mix for 
prestressed or heat-cured concrete containing embedded metal and 0.4% for other 
concrete containing embedded metal (British Standards Institution 1997b; BRE 
Digests 2000).
2.5.3.3 Cracking
Cracking of the cover concrete is one of the potential causes of the early corrosion of 
steel in concrete. In the reinforced concrete design procedures and codes, only a 
limited width of crack is allowed in relation to the exposure class of the structure for 
the durability requirement. According to BS 8110 Part 2 (1985), in the case of
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normal service conditions, crack widths less than about 0.3 mm are considered 
acceptable for members in aggressive environments. Cracking of the cover concrete 
produces a direct route from the concrete surface to the reinforced steel and 
potentially exposes the embedded bar to both air and water. As a consequence 
carbonation of the concrete is able to penetrate along the erack path and eventually 
reaches the reinforced steel and initiates localised early corrosion as shown in Figure 
2.30 (BRE Digests 2000; Quillin 2001).
Carbonated zone
Rust patches— ___
Reinforcing steel
Aggregate 
Concrete mattix
Figure 2.30 Diagrammatic view of steel corroding in cracked concrete (BRE Digests
2000).
The influence of cracking under carbonation to induce the corrosion of embedded 
steel is depended on circumstance. Crack width seems to be less important to 
corrosion risk than erack frequency, cover depth and concrete quality. In the 
corrosion of embedded steel due to cracking, greater depths of cover to 
reinforcement can inhibit the further progress of corrosion. In the case of coincident 
cracks, reinforcing bars are exposed a greater proportion to moisture and oxygen. In 
this circumstance, the anodic and cathodic areas are reasonably equal in size so 
generalised corrosion is typically encountered. In the case of intersecting cracks, the 
anodie areas are significantly smaller than the cathodic areas so localised corrosion is 
generally indueed as shown in Figure 2.31 (BRE Digests 2000).
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Figure 2.31 Craeking in a reinforced concrete slab (BRE Digests 2000).
In the case of intersecting cracks with reinforcement subjeet to chloride attaek, 
corrosion can be very severe because of the relatively small size of the anodic zones. 
Reinforcing bars can lose a very large portion of cross-sectional area due to localised 
corrosion. Flowever, just outside of this zone, a couple of centimetre away, the bars 
may remain in their original condition (BRE Digests 2000).
In the case of coincident eracks with reinforcement under the chloride attack, 
corrosion would be less severe in losing cross-sectional area because the anodic and 
cathodic areas are reasonably equal in size. It is clear that the loss of a large 
proportion of the cross-sectional area of nearby reinforcing bars could seriously 
reduce the load carrying capacity of a structure (BRE Digests 2000).
2.5.4 The Measurement of Corrosion Rate
In the field, the measurement of corrosion rate is eurrently obtained using the linear 
polarisation technique. This technique can be used for finding out how much steel is
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being lost at the time of measurement but can not be used directly to determine the 
total section loss or to predict concrete spalling rates.
According to Broomfield (1997), the corrosion rate is directly related to the 
corrosion current density {Icon), as follows;
Passive condition : < 0.1 juA/cm^
Low to moderate condition : 0.1 < Icon < 0.5 jLiA/cm^
Moderate to high condition : 0.5 < Icon < 1.0 jjA/cm^
High corrosion rate : I^ orr > 1.0 jjA/cm^
An Icon value below 0.1 juA/crri^  represents negligible corrosion, a value around 1 
jLtA/cm  ^ is equivalent to 11.6 jLon/year of attack penetration which means a 16 mm (j) 
bar would loss 10 % of its cross-sectional area in less than 35 years. An Icon of 100 
juA/cm^ represents a catastrophic situation equivalent to a 10 % loss of steel cross- 
sectional area of a 16 mm (f) bar in 1 year (Andrade, Alonso et al. 1989).
Temperature (T°) and relative humidity (RH) influence the measurement of 
corrosion rate, see Figure 2.16. As a result of increasing temperature, the rate of the 
oxidation reaction will increase and the concrete resistivity will reduce as ions 
become more mobile. The relative humidity determines the amount of water in the 
pores and so influences the corrosion reaction. The corrosion rate of the steel is at its 
peak when the relatively humidity within the concrete is around 90 to 95 % for 
chloride ion induced corrosion and around 95 to 100 % for carbonation (Broomfield 
1997; Swift 2003).
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2.5.4.1 Rate of corrosion at steel surface
The measurement of the corrosion rate of steel reinforcement can be used to both 
estimate the current damage level and also to predict the likely propagation of the 
corrosion when related to appropriate corrosion models. Generally, Faraday’s law is 
used to model the rate of corrosion. The corrosion rate is depended on the corrosion 
current density. The rate of loss of mass of steel reinforcement under constant current, 
in a given time interval, is given by (Broomfield 1997);
m (equation 2.30)
Where, m is the mass of steel consumed (in g), i is the corrosion current (in Amps), t 
is time (in sec), F  is Faraday’s constant (96500 Amp-sec), Zc is the ionic charge (2 for 
Fe —> Fe^  ^ + 2e^ and Ma is the atomic weight of metal (56g for Fe). The rate of 
corrosion is best measured in terms of the current density. This can be converted into 
a metal loss (in g) using Faraday’s law, equation 2.30, which shows that for steel 1 
juA/crr? is equivalent to 11.6 //m/year loss (Rodriguez, Ortega et al. 1994).
For a given degree of corrosion, expressed as a percentage, the target mass of steel 
consumed by the corrosion process (w^ ) can be determined by taking into account the 
steel density, the deformed bar length and diameter as follows;
/w, = —j - - 'I ' p^' C^ i (equation 2.31)
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Where, (j) is the bar diameter, / is the embedment length of the bar whieh designed to 
be corroded, is the density of steel (approx 7800 kg/m^), and Cdi is the target 
degree of corrosion (% by mass).
2.5.4.2 Extend of loss of bar cross-section
Sooner or later, the steel reinforcement in concrete will start to corrode producing 
rust, generated from the consumed eross-seetional area of steel reinforcement. This 
is a major problem as it reduces the tensile capacity of the reinforcement (Clark, Du 
et al. 2000; Bhargave, Ghosh et al. 2005). Furthermore, the accumulated rust 
occupies more volume than the original steel it replaces and so generates internal 
pressure (Bhargave, Ghosh et al. 2006). Finally, this pressure induces concrete 
splitting and after this crack reaches the surface the cover concrete begins to spall. 
Figure 2.32. This cracking and spalling induces rapid corrosion damage in RC 
structures.
Initial cross-section
Concrete
splitting
Uncorroded
Rust ^
<7 Concrete
Figure 2.32 Representation of a corroded cross section (adapted from Dekoster,
Buyle-Bodin et al. 2003).
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The effect of corrosion is a reduction of the steel bar cross section. Denoting the 
nominal bar diameter by the residual diameter (^ ) ean be expressed as;
(f)^=(j)-lx^ (equation 2.32)
Where, Xs is the attack penetration depth of corrosion.
Because the corrosion products occupy more volume than the original volume of 
steel consumed the volume increase ratio of the rust (the coefficient of corrosion 
attack, xj)) is depended on which corrosion product forms, equation 2.33. In the case 
of carbonation induced corrosion, the coefficient of corrosion attack may be assumed 
to be 2 (Coronelli and Cambarova 2000; Lundgren 2002) and in the case of chloride 
ion induced corrosion, the coefficient of corrosion attack may be assumed to be as 
high as 4 to 8 (Coronelli and Cambarova 2000; Lundgren 2002).
x^=y/-x^ (equation 2.32)
Where, Xr is the increased depth by producing rust and ^  is a corrosion coefficient 
depending on the type of corrosion attack.
2.5.5 Corrosion Model of Steel in Concrete
According to Tutti’s corrosion model, the corrosion of reinforced concrete structures 
may be described as a two stage process; i) the corrosion initiation stage, and ii) the 
corrosion propagation stage (cited by Andrade, Alonso et al. 1989), Figure 2.33. The 
corrosion initiation stage is the period of time during which there is no damage to the
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steel reinforcement due to chloride attack or carbonation but chloride ion or carbon 
dioxide are beginning to penetrate the concrete cover. Over time the steel surface 
reaches a critical value of either pH or chloride ion concentration and corrosion is 
initiated. The corrosion propagation stage is the period of time during which the 
reinforcing steel bar starts to corrode and produce corrosion product. Subsequently 
spalling of the concrete cover can occur due to the internal pressure generated by the 
volume increase of the corrosion product, resulting an unacceptable degree of 
corrosion (Tutti 1982; Andrade, Alonso et al. 1989; Zhang and Lounis 2006). The 
service life of concrete structures, in the absence of intervention, can therefore be 
defined as the sum of the durations of the two stages. In general, the durability and 
serviceability of concrete structure depends greatly on the duration of the initiation 
stage.
Acceptable degree of damage
Initiation Propagation Time
Life time or time before repair
Figure 2.33 Tutti’s corrosion model (adapted from Andrade, Alonso et al. 1989; 
Martin-Perez, Pantazopoulou et al. 2001).
Guideline for the “acceptable” degree of corrosion damage that can be tolerated in an 
RC structure is still a matter of debate. However, up to 6 - 10 % loss of bar cross- 
section may be considered acceptable because beyond that the tensile strains in the 
concrete can lead to cracking, see Section 2.4.4. Furthermore, according to Andrade
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C. et al in 1993 (cited by FIB Task Group 2000), once the crack width reaches 0.3 ~ 
0.4 mm the structure is at the end of service life based on Code limitations on width 
of flexural cracks (British Standards Institution 1985).
Table 2.5 Corrosion attack period of steel bar over 40 mm of concrete cover under 
very severe exposure condition.
Carbonation Chloride attack
Initiation time 100 years 0 - 5  years
Propagation time Less than 34.1 years* Less than 34.1 years*
* 10 % of cross-sectional loss of 16 mm steel bar.
According to Table 2.5, the depth of carbonation of concrete cover will take 40 years 
to penetrate 40 mm when the exposure condition is severe and the concrete strength 
is 40 MPa or less (British Standards Institution 1997c). When the relative humidity 
is 50 -  70 %, the carbonation rate of concrete is at a maximum (Bamforth 2004). 
However, this “ideal” condition of maximum carbonation rate will not apply for the 
whole period due to seasonal changes in both temperature and humidity. This means 
that, in the absence of other deterioration mechanisms, the time to initiate 
reinforcement corrosion in poor condition concrete is likely to take more than 40 
years. Therefore, carbonation is not usually considered to be a significant problem 
for most RC structures. However, chloride ion attack of reinforcement steel causes 
more problems due to either the concrete containing chlorides in the original mix 
constituents or through the ingress of dissolved chloride ions due to the use of de- 
icing salts or through marine exposure.
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2.5.6 Local Bond Stress-Slip Model for Corroded Bar
The bond stress-slip model for corroded reinforcement proposed by Horrigmoe 
(2003) is shown in Figure 2.34, and is based on the CEB-FIP model code 90 
described earlier (Comite Euro International du Beton 1992). It is based on 
numerical studies of concrete beams with exposed tensile reinforcement that had 
been subjected to deterioration and subsequent repair under laboratory conditions. 
This study is important as it provides an indication of the idealized behaviour 
expected of the bond stress-slip relationship when corrosion of the steel occurs 
(Horrigmoe 2002; Horrigmoe 2003).
The effects of corrosion can be separated into two parts. The first part is the 
reduction of the steel bar cross section, see Section 2.5.4.2, and the second part is the 
reduction of bond stress and any associated disruption of the steel/concrete interface.
1
Bond stress ^ 
reduction
 ►
Slip (s)
Si
Figure 2.34 Bond stress-slip model for corroded reinforcement (adapted from
Horrigmoe 2003).
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Horrigmoe’s bond stress-slip models for corroded reinforcement (Horrigmoe 2002) 
to avoid the splitting failure of the test specimen so the failure mode of the pull-out 
test is controlled for only the shear failure.
The reduction of bond stress is defined by the relation between corrosion and 
deterioration of bond between steel and concrete. Figure 2.34 shows the bond stress- 
slip relation model for corroded reinforcement where i^ max is the maximum bond 
stress and ///is the residual bond capacity (Horrigmoe 2002; Horrigmoe 2003). The 
corresponding bond stress-slip curve is also shown in Figure 2.17. It is seen that the 
bond stress for a corroded bar {jfma:) has a similar behaviour of uncorroded 
condition.
2.5.7 Influence of Corrosion on Bond Stress
There is no doubt that corrosion of steel reinforcement has an effect on the structural 
capacity. Local or general corrosion causes a reduction in the cross-section of the 
reinforcement and the associated volumetric expansion of the corroded 
reinforcement leads to cracking and spalling of the concrete and resultant changes in 
the concrete cross-section. As a consequence, the bond between the reinforcement 
and concrete will be disrupted with an associated loss of strength and ductility (FIB 
Task Group 2000).
According to Almusallam, Al-Gahtani et al. (1996), during the corrosion attack of a 
reinforced concrete structure, the bond stress is influenced by the degree of corrosion 
and can be divided into three stages; i) pre-cracking, ii) cracking, and iii) post­
cracking stages. In the case of the pre-cracking stage, where the degree of corrosion
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is between 0 to 4 % (consumed cross-sectional area of reinforcing steel) the bond 
stress increases because the associated volume expansion at the steel/concrete 
interface causes the effective “roughness” of deformed bar to increase. In the case of 
the cracking stage, where the degree of corrosion is between 4 to 6 %, bond failure 
occurs suddenly and the bond stress decreases sharply because the hoop tensile 
stresses are reduced due to local failure of the concrete around the steel bar. In the 
post-cracking stage, where the degree of corrosion is between 6 to 80 %, the bond 
stress does not decrease. In this stage, the steel bar acts more like a plain bar, and the 
corroded material around the bar acts as a “lubricant” which reduces the interfacial 
friction and increases the crack width.
2.6 SUMMARY
The key findings of the literature review can be summarised as;
I) The post-peak bond behaviour, at the element level, is important for the safety of 
people inside structures Undergoing large displacement. Understanding the 
contributions at the material, element, and structure level are important. Looking 
at the element performance previous studies on pull-out has rather focused on the 
pre-peak behaviour rather than the post-peak behaviour and, as a consequence, 
have focussed on displacement of only a few millimetres. There is evidence, from 
real structure, that very large displacement can occur prior to collapse. Therefore, 
it is important to understand bond behaviour at large displacements during the 
pull-out process, especially the post-peak bond behaviour which is one of the key 
subjects of this thesis.
71
Chapter 2_______________________________________________Literature Review
2) The non-uniform distribution of strain that develops along the length of a steel bar 
complicates any assessment of the bond stress-slip behaviour. The use of surface- 
mounted strain gauges has been used to measure the local strain development 
during the pull-out but has limitations. A number of “embedded” gauge 
techniques have been proposed to overcome the problem of gauge damage.
3) Available local bond stress-slip models, based on the CEB-FIP model code and 
FIP Task Group Bond Models, have been reviewed to help identify the main 
factors that are considered to influence bond behaviour at the steel/concrete 
interface.
4) The use of load control has been commonly employed during experimental studies 
of the bond behaviour up to, and slightly beyond, the peak stress and its use is not 
considered to affect the test results. However, when measuring the post-peak bond 
behaviour, the use of load control may not allow the large displacement response 
to be monitored with adequate sensitivity. As a consequence investigating post­
peak bond behaviour using displacement control represents a useful extension of 
the existing methods.
5) Improvements in bar type, from plain to ribbed, and material type, from mild to 
high tensile steel, have influenced bond behaviour in reinforced concrete. 
Modern ribbed bar may actually confer advantages, particularly in structures 
undergoing large deformations.
6) Corrosion is an important effect because of its influence on both the steel/concrete 
interface and the cross sectional area of steel. As a consequence, changes in the
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mechanical performance of modem, ribbed, steel bar needs to properly 
understood in the context of the processes that can occur during bar pull-out.
7) Existing FE model give a reasonable representation of what has been observed in 
load control up to, and slightly beyond, the peak stress. Flowever, those 
experiments do not necessarily encapsulate the behaviour that occurs during 
displacement control. As a consequence, there is need to develop a model that 
more accurately represents bar behaviour at large displacements.
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CHAPTER 3 
EXPERIMENTAL METHOD
3.1 INTRODUCTION
This chapter describes the experimental techniques and method of pull-out test used 
to examine the bond stress behaviour of steel bar under displacement control. This is 
because displacement control allows the more accurate monitoring of the post-peak 
behaviour, at large displacements, than load control. Tests have been carried on 
specimens subject to various degrees of corrosion to facilitate the analytical 
prediction of the bond stress-slip behaviour, and the development of strain 
distribution along the bar, with ribbed and plain bar.
A series of fifty-one pull-out experimental tests, 12 tests for plain bars and 39 tests 
for ribbed bars, were conducted to evaluate the bond stress behaviour with bar slip at 
various degrees of corrosion (0 %, 2.5 %, 5 % and 10 % loss of bar cross-section) 
and to monitor the strain distribution along the bar using electrical resistance (ER) 
strain gauges.
Direct tension tests on samples of ribbed and plain bars, subject to a constant rate of 
extension, were conducted to determine the actual elastic limit of the bar following 
BS EN ISO 6892 part 1 (2009b). The results were used to estimate the limit of bar 
force, in the elastic range, for shear failure and the influence of elongation and 
transverse shrinkage of the bar based on the “Poisson” effect.
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An accelerated electrochemical corrosion method was applied to steel bars 
embedded within “pull-out” specimens to speed up the initiation, and subsequent rate 
of corrosion, in order to achieve target degrees of corrosion (based on Faraday’s law) 
within a reasonable time frame.
3.2 EXPERIMENTAL PROCEDURES
All test specimens and methods were designed based on the CEB-FIP model code 90 
(Comite Euro International du Beton 1992) and FIP Task Group Bond Models (FIB 
Task Group 2000). These were used to ensure that the key factors influencing bond 
behaviour. Section 2.4.2.3, were considered.
3.2.1 Test Specimen and Materials
As discussed in Chapter 2 the bond between the concrete and reinforcing bar is one 
of the fundamental aspects of structural behaviour that needs to be understood. 
Adequate levels of bond stress and stiffriess are required between the reinforcement 
and concrete to transmit forces effectively from one material to the other. The 
locations of particular concern are the free end of the bar. Figure 3.1.
The bond characteristics of reinforced bars are governed by shear failure between the 
concrete and the bars. Therefore, the conditions and influencing factors of the pull- 
out test are controlled based on the bond stress-slip relationship in CEB-FIP model 
code 90 (Comite Euro International du Beton 1992).
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3.2.1.1 Layout of pull-out failure test specimen
The layout for the pull-out test specimen, Figure 3.1, is based on CEB-FIP model 
code 90 (Comite Euro International du Beton 1992; Abidin 2003; Guadabnini, 
Pilakoutas et al. 2004). The key point of this test was to examine the bond stress 
behaviour of steel bars in concrete and to assess the effects of corrosion on the bond 
behaviour.
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Figure 3.1 General layout of pull-out test specimen (in mm).
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In developing the experimental test method the aim was to produce a simple and 
robust technique for assessing the bond stress-slip behaviour of steel bars embedded 
in concrete, under confined conditions without transverse reinforcement, see Section 
2.4.2.1. The key objective was to ensure that the bond behaviour during pull-out was 
controlled by shear failure between the concrete and the embedded bar. As a 
consequence, the depth of concrete cover must be five (5) times larger than the 
diameter of the embedded bar, c > 5^, to avoid splitting failure. Section 2.4.2.4. 
According to Martin (1982) the framework friction and smoothing of the fresh 
concrete reaction surface (re-compaction effect) have an uncontrolled, and 
favourable, influence on the bond performance when the edge length of the test 
specimens is less than 200 mm. Therefore, a 200 mm concrete cube (4 = 200 mm) 
was used for the test specimen. With this arrangement the diameter of the bar ( ^  that 
can be used is limited to less than 18 mm because the depth of the cover concrete (c) 
must be > 5^, Section 2.4.2.4. Therefore, 16 mm of reinforcing steel was used for the 
experimental tests
The transmission, or embedment, length, /, of the bar is fixed at 5 times of the 
diameter of the bar because this is the minimum length to achieve shear failure 
during the pull-out test. This is because it is short enough not to develop splitting 
failure of the concrete cover. Section 2.4.2.4. Therefore, the embedded length was set 
at 80 mm and the unbonded length (/„) was taken to be 120 mm in all of the 
experimental tests. Figure 3.1.
The total length of the bar (/J used was 500 mm due to the need to securely grip the 
loaded end of the bar in the loading machine without the need for any special devices
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other than the standard machine grips. This length of bar also enabled the easy 
installation of the two LVDT’s used to measure the top slip of the bar.
The average bond stress (//avg) was calculated by dividing the maximum load (Pmax) 
by the bonded bar parameter as shown in equation 3.1 which is derived from 
equation 2.7.
= /'«.s •('*■•«*•/) = O ' ( e q u a t i o H  3.1 )
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Where, fXavg is the average bond stress, Pmax is the maximum load (or bar force, 7^), 
(J) is the bar diameter, / is the embedment length, <j is the bar stress, and As is the 
cross-sectional area of the bar.
Three samples in both for pull-out and cube strength test were used at each 
experimental test to account for material variabilities.
3.2.1.2 Concrete Mixes
According to Martin (1982) the observed bond strength of steel bar in concrete 
increases with the compressive strength of the concrete up to 25 MPa but does not 
depend significantly on the concrete strength when it is greater than this value. As a 
consequence the decision was taken to adopt a standard concrete mix design that 
would achieve a mean compressive strength of 50 MPa at 28 days. This was to help 
ensure that when testing at 7 days the concrete mix could be expected to have a 
compressive strength well above 25 MPa. To this end a trial mix was designed using
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a Cem Type 1 Portland cement, BS EN 197 part 1 (2000a) following the advice of the 
BRE mix design for normal concrete. The procedure is detailed in Design of normal 
concrete mixes (Department of the Environment 1997) and BS 8500 part 2 (2006b). 
The aggregate used was uncrushed Thames Valley river gravel. Following the 
findings of previous workers, (Abidin 2003), the maximum aggregate size was 
limited to 20 mm. The concrete mix was designed to have good workability (slump 
of 60 - 180 mm) to ensure ease of compaction around the steel bar and typically 
achieved slump values of 60 - 120 mm. The resulting batch weights for 1 m^ of 
concrete are tabulated in Table 3.1. The results of compressive strengths on an initial 
batch of 23 concrete cubes, cured at 20 °C and > 95 % RH for 7 and 28 days and 
tested according to BS EN 12390 part 3 (2009a) are shown in Table 3.2.
Table 3.1 Concrete trial mix proportions based on target mean strength of 50 MPa.
Ratio Batch Weight {kg/m^)
Cement 1.00 360
Water
Added 0.59 212
Total 0.60 126
Free 0.50 180
Aggregate
20 mm 2.16 779
10 mm 1.08 390
Sand 1.83 658
Total 5.07
Total 6.66 2367
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Table 3.2 Measured cube strength at 7 days and 28 days of concrete trial mix 1,
Age Cube strength {MPa) Mean cube strength {MPa)
7 days 38.5,38.5,41 39.3 (SD= 1.2)
28 days
47.5, 47.0,51.5, 50.5,50.5,
51.5.48.0, 52.0,51.0,51.0,
51.0.49.5.49.0, 48.0, 49.0,
49.0.51.5, 52.0, 49.0, 50.0
49.9 (SD=1.6)
Table 3.2 shows the measured mechanical properties of the original trial mix 
concrete. The mean cube strength at 28 days was 49.9 MPa which was in line with 
the target designed mean strength value of 50 MPa and the 7 day value of 39.3 MPa , 
was comfortably above the 25 MPa lower limit. The low standard deviation of 1.6 is 
typical of that expected for well-controlled laboratory manufactured concrete mixes 
and is much lower than might be expected when manufacturing a similar concrete 
mix under site conditions. To confirm the mix procedure was able to produce a 
sensibly reproducible concrete 12 more cubes were manufactured from a second 
batch of concrete, The results of compressive strengths of these cubes, six tested at 7 
days and six tested at 28 days are shown in Table 3.3. Comparing the data from the 
two trial mixes suggests that there is reasonable agreement and that the early age 
strength development of the compacted and cured concrete is consistent. Table 3.4 
shows the measured static elastic modulus of the second batch of concrete (tested at 
both 7 and 28 days) following the requirements of BS EN 13412 (2006c).
Table 3.3 Measured cube strength at 7 days and 28 days of concrete trial mix 2.
Age Cube strength {MPa) Mean cube strength {MPa)
7 days 40.0, 40.0,41.5,41.0,41.0, 40.0 40.6 (SD = 0.6)
28 days 48.0, 54.0, 53.0, 53.0, 53.0, 54.0 52.5 (SD = 2.1)
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Table 3.4 Measured mechanical properties of concrete trial mix 2.
Age Mean cube strength {MPa) Elastic modulus {GPa)
7 days 40.6 ± 0.6 Ec = 26.2
28 days 52.5 ±2.1 & = 29.2
3.2.1.3 Bar details
Table 3.5 Mechanical properties of reinforcement (taken from BS 4449 2005a).
Grade
Bar diameter 
{mm)
Type Yield strength {MPa)
Elastic modulus 
(GPa)
Plain bar 250 16 - 250 2 0 0
Ribbed bar 460B 16 2 460 2 0 0
Table 3.5 shows the expected mechanical properties of 16 mm plain bar in mild steel 
and deformed (ribbed) bar in high tensile steel employed based on BS 4449 (2005a). 
Figure 3.2 shows Type 2 high tensile steel bar with the two transverse rib series.
16 mm
Figure 3.2 Rib pattern of grade 460B with two transverse rib series.
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F
(a) (b)
Figure 3.3 Arrangement of tensile strength test; (a) of plain bar, and (b) ribbed bar.
The yield strength of the steel bar may have an influence on the pull-out test results. 
The arrangement of the pull-out test, discussed in Section 3.3, was designed not to 
yield the steel bar during the test. The nominal yield strength of the steel bar 
presented in BS 4449 (2005a) includes a safety factor reduction. Therefore, the 
tensile strength tests were conducted on a sample of both the plain and ribbed 16 mm 
diameter steel bar, Figure 3.3, following the general procedure in BS EN ISO 6892 
part 1 (2009b) to monitor the deformation of the steel bar and used to find the 
maximum load that can be applied in the elastic range of the steel bar and the 
influence of Poisson effect of the steel bar. A sample of the 16 mm plain bar in mild 
steel in the length of 300 mm was clamped at both ends in a displacement controlled 
tensile test machine and loaded at the constant loading rate of 1 mm/min (» 0.2 
kN/sec), Figure 3.3 (a). A sample of high tensile, 16 mm diameter, ribbed bar of 
length of 200 mm was tested as shown in Figure 3.3 (b).
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Figure 3.4 Yield strength test result of 16 mm plain bar.
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Figure 3.5 Tensile strength test result of 16 mm ribbed bar.
Figure 3.4 and 3.5, respectively, present the tensile strength test results of the plain 
and ribbed steel bar subjected to a constant rate of extension. The actual elastic limit 
of the bars was taken from the plateau region in the graphs where the stress remained 
essentially constant over strain (or time). According to BS 4449 (2005a) presented in 
Table 3.5, the nominal yield strength of the 16 mm plain bar is 250 MPa and the 
nominal yield strength of the 16 mm ribbed bar is 460 MPa. However, the measured 
elastic limits of the plain and ribbed bar were 320 MPa and 546 MPa. Thus, the
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measured elastic limits were 28 % higher in the plain bar and 19 % higher in the 
ribbed bar than the nominal values suggested by BS EN tables. This indicates that 
the ribbed bar used in these studies is of good quality and can be considered as 
representative of modem high strength steel reinforcement.
Table 3.6 Measured elastic limit and ultimate tensile strength of the steel bar.
Nominal yield 
strength {MPa)
Measured elastic 
limit {MPa)
Ultimate tensile 
strength {MPa)
Plain bar 250 320 330
Ribbed bar 460 546 652
Based on the measured properties of the steel bars, contained in Table 3.6, the 
maximum load (f) that can be applied to the plain bar without initiating yield of the 
material is;
f  = 320 x 201.1 = 64.35
Thus the maximum bond stress that can be sustained without bar yielding is; 
jLimax = P I {tt • (f) -l) = 64.35 X 1000 / (ti X 16 X 80) = 15.99 N/mm^.
Similarly, for the ribbed bar the maximum load that can be applied without initiating 
yield of the material is;
P= <jx As = 546 X 201.1 = 109.80 kN, 
and the maximum bond stress (jUmax) that can be sustained without the bar yielding is; 
P m a x ^ P -1)= 109.80 X 1000/ ( tc x  16 x  80) = 27.31 N/mm^.
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3.2.2 Measurement Techniques
This section focuses on measurement techniques used to monitor the bar behaviour 
during the pull-out. In particular the measurements of bar displacement, by LVDT, 
and local, longitudinal, strain, by ER strain gauge, are reviewed.
3.2.2.1 Displacement measurement
During the experiment, longitudinal strain and displacement of the reinforcement 
were measured by three LVDT’s. The LVDT is a non-eontacting linear displacement 
transducer which works on a principle of mutual inductance, producing an electrical 
signal which is proportional to a separate moving core (or armature). The 
fundamental advantages of LVDT are their high degree of robustness, high resolution 
and ability to operate at high temperatures and in extreme environments. The 
installed LVDT’s were able to monitor a bar slip of up to 24 mm.
LVDTl
\  Concrete 
cube
Steel bar
(a)
Figure 3.6 LVDT at the base surface of the concrete cube (vertical section); (a) 
Measurement location of the end slip, (b) Application of the LVDT for the end slip.
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All measurements of bar displacement were undertaken with three LVDT’s 
following the scheme below. The end slip can be measured by single LVDT 
(LVDTl) that follows the movement of the bar. This LVDT was held rigidly by 
aluminium angle that was fixed with epoxy glue on the base surface of the concrete 
cube as shown in Figure 3.6.
Measurement
point
#  Reinforcement
R50 mm
(a)
Figure 3.7 Points measurement test at the reaction surface of the concrete cube; (a) 
location of the measurement points, (b) application of the LVDT’s for measuring the
slip of the bar at the loaded end.
To take account of the possibility of bending, the loaded end slip was measured by 
two LVDT’s (LVDT2 and LVDT3) at a distance of 50 mm from the centre. Figure
3.7 (a), and the two LVDT’s were held by a mounting ring that was fixed on to the 
bars. Figure 3.7 (b). Calibration of the LVDT’s was undertaken by mounting the 
LVDT in a micrometer stage and displacing the probe end by ± 15 mm and checking 
that the resulting displacement measured by the data logger was correct.
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3.2.2.2 Strain gauge
During the experimental test, the local longitudinal strain in the reinforcement was 
measured using ER strain gauges bonded to the steel. When an ER strain gauge is 
extended by an external force, its electrical resistance is changed. By bonding a 
strain gauge to the surface of a test specimen, the gauge changes dimension due to 
the expansion of the test specimen, and thus the resistance of strain gauge changes as 
well. ER strain gauges were used to detect strain in a specimen by measuring this 
change in resistance using a Wheatsone Bridge arrangement (Texas Measurements 
2006). The installation procedure of strain gauges is detailed in Technical Note TT- 
611 (VISHAY Micro-Measurements 2004).
A three-wire, quarter-bridge system, is usually recommended for static strain 
measurement due to its simplicity and stability, (VISHAY Micro-Measurements 
2005). This system was used in these experiments as using three lead wires to 
connect the strain gauge to the data logger provides, so-called, “automatic” 
temperature compensation during the period of strain measurement.
General purpose strain gauges (Vishay Intertechnology Inc., CEA 125 UN) were used 
for the experimental test, in Figure 3.8 (VISHAY Micro-Measurements 2006). CEA 
125 UN strain gauges have a stated operational range of ± 1,300 micro-strain under 
general static stress analysis conditions but can, where bond is maintained, operate 
over the range + 50,000 micro-strain (i.e. a strain range of 2 to 5 %) when yield 
occurs (VISHAY Micro-Measurements 2007). Calibration of the strain gauges was 
not necessary because strain gauges are automatically calibrated through the data 
logging system using the gauge factor provided by the manufacturer.
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Dimensions 
Gauge length 
Overall length 
Grid width 
Overall width
{mm)
3.18
6.99
2.54
3.05
Gauge factor (K) 2.085
Figure 3.8 General purpose strain gauge with narrow geometry (VISHAY Micro-
Measurements 2006).
3.2.3 Accelerated Electrochemical Corrosion Method
And understanding of the various degrees of corrosion of steel bar in concrete is 
useful to help understand the effects of corrosion on the bond stress. Accelerated, 
electrochemical, corrosion methods have been used experimentally to enable 
corrosion studies to be undertaken within the available time. This approach removes 
the time to the initiation of corrosion and accelerates the propagation of corrosion 
attack in a controlled, and measurable, manner. Ghamdehari, Zulli et al. (2000), 
studied the influence of corrosion on bond degradation in RC, and Lee, Noguchi et al. 
(2002), studied the bond between concrete and reinforcement as a function of the 
degree of reinforcement corrosion using an accelerated electrochemical corrosion 
method. Various sizes and degrees of corrosion of concrete specimen for the pull-out 
experimental test were conducted. Their works are important in understanding the 
accelerated electrochemical corrosion method and its influence on steel bars in 
concrete.
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Reinforcement
Copper mesh
e ©
Water tankNaCl 5% Constant electrical
solution current supply
Figure 3.9 Layout of aceelerated electrochemical corrosion method (adapted from
Lee, Noguchi et al. 2002).
The basic concept of the accelerated electrochemical corrosion method is to form 
artificial attack on the target surface of the reinforcement steel in concrete and skip 
the initiation period of corrosion and accelerate the rate of corrosion at the 
propagation stage, Figure 3.9. It is of note that the application of high corrosion rates 
can cause thermal effects, such as, thermal stress, local corrosion, and drying of the 
concrete around the embedded steel bar. A high corrosion rate in nature is 1.0 fjA/cni, 
Section 2.5.4, and accelerated corrosion method are generally limited to use about 
100 juA/crn of corrosion rate (which is about a 100 times of boost) to avoid thermal 
effects (Li and Stang 2004).
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3.2.3.1 Calculation of degrees of corrosion
According to Almusallam, Al-Gahtani et al. (1996), bond strength is influenced by 
the degree of corrosion that occurs at the steel/concrete interface. During the 
application of accelerated electrochemical corrosion, the target degree of corrosion 
of the steel can be related to the influence of the corroded bar on the surrounding 
concrete. A loss of less than 4 wt% steel typically results in a local volume expansion 
at the steel/concrete interface (due to oxide formation) that creates an increase in the 
bond strength due to mechanical effects. Where the loss of metal is in the range 4-6 
wt% the resulting tensile stress tend to causes cracking of the cover concrete. Where 
the metal loss exceeds 6 wt% the measured bond strength has been found to decrease 
dramatically (Almusallam, Al-Gahtani et al. 1996). Therefore, the following degrees 
of corrosion were selected based on the loss of bar cross-section; 0 % (uncorroded), 
2.5 % (pre-cracking stage), 5 % (cracking stage), and 10 % (post-cracking stage).
The corrosion rate is depended on the current density. The first step is to find out the 
mass of steel consumed to achieve the target degrees of corrosion, by using the 
Faraday equation above, and then finding out the equivalent corrosion current (f) 
from equation 3.2. The determined target degrees of corrosion by this method are 
based on the assumption of 100 % current efficiency.
As discussed in Section 2.5.4.1 the corrosion current can be related to the loss of 
metal using Faraday’s law:
m = ^
Z ..F
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Where, m is the mass of steel consumed (in g), i is the corrosion current (in Amps), t 
is time (in sec), F  is Faraday’s constant (96500 Amp-sec), % is the ionic charge (2 for 
Fe —> Fe^  ^+ 2e”) and is the atomic weight of metal (56g for Fe).
/
The corrosion current {i in Amp) used in these experiments was derived from 
Faraday’s law by the inserting the specific vale of Ma (56g for Fe), Zc (2 for Fe —> 
Fe^  ^+ 2e^, F  (96500 Amp-sec) and converted unit as a function of time t (day) as 
follows;
m = — — x24x60x60xf  
2x96500
m =25 S)lit
mi = --------  (equation 3.2)
25.07r ^
Icorr, is the corrosion current density {pA/cm^) and is calculated as follows;
^  (equation 3.3)
T t ' Ç ' l
Where, ^ is the bar diameter, and 1 is the embedment length.
3.2.3.2 Arrangement for accelerated electrochemical corrosion method
The accelerated electrochemical corrosion method was used to artificially accelerate 
the rate of rebar corrosion above that normally encountered in real structures and in a 
more controlled manner than might be achieved using admixed chloride ion or 
ingressing chloride ion solutions on their own, see Section 2.5.4. In this work the test 
specimens that were used to study corrosion were cast using the standard concrete
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mix developed in Section 3.2.1.1, modified by the addition of 0.5 wt% of NaCl. This 
level exceeds the maximum normally allowed in RC structures, BS EN 206 part 1 
(2000b) and BS 8500 part 1 (2006a), and was designed to increase the conductivity 
of the concrete to facilitate the accelerated corrosion process, but at the same time 
avoid undue acceleration of the concrete strength development (Ramachandran 
1976).
Figure 3.10 Application of electrochemical corrosion method; a) power supply, b) 
circuit board, c) soaked two-third of concrete cube in NaCl solution with copper
mesh.
A water tank was filled with 5 % of NaCl solution and the water level adjusted so 
that reached up to two third of the cube height. Figure 3.10 (c). The NaCl solution 
provided a conducting medium that ensured the current passing through the system 
was able to reach the anode. It also ensured that the level of chloride ions at the 
surface of the steel was replenished and so ensured that the bar was unable to
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passivate. A constant electrical corrosion current (0, based on design calculates for 
the pull-out experimental test, was supplied to the pull-out test specimen until the 
target degrees of corrosion was achieved. Figure 3.10 (a).
The key components in the electrochemical corrosion method are the controlled 
current power supply (Topward n.d.). Figure 3.10 (a), the anode of which was 
connected to steel bar while the copper mesh, which surrounds the concrete cube, 
was connected to the cathode. Figure 3.10 (c). With this arrangement the 
reinforcement becomes anodic, and so loses metal section, while the copper mesh 
becomes the site of cathodic reactions.
It should be noted that a double-layer application of bitumen paint was used to 
protect the exposed end cross-section of the bar at the base surface of the concrete 
cube. This was designed to reduce corrosion in the reinforcement in the longitudinal 
direction.
3.2.3.3 The Measurement of corrosion products by weight loss
After the application of the accelerated electrochemical corrosion method to the test 
specimen and the pull-out test had been completed, it was necessary to find out the 
actual degree of corrosion achieved within each specimen so that this could be 
compared with the original “target” value. This was done by measuring the total 
weight loss of the steel consumed. The corrosion products (rust or iron oxides) on 
the surface of the bar were removed by immersing the steel in a solution of 
hydrochloric acid (HgO^Cl ) with a chemical corrosion inhibitor, Hexamine. This 
“pickling” of the steel removes the surface oxide layers without any significant
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attack on the steel itself and so enables the reduction of the total mass of the 
corroded steel bar to be determined with reasonable accuracy (Fox, Randall et al. 
1993; Eagleson 1994; Liu and Liptak 1997).
Retort stands
Plastic beaker
mixture of 
hydrochloric acid 
and hexamine
Corroded bar
Figure 3.11 Layout of the pickling of the corroded steel bar.
For health and safety reasons the steel pickling process was carried out in a fume 
cupboard with sash window. Figure 3.12 (a). The corroded steel bar, extracted from 
the failed pull-out test specimen, was first cleaned with a wire brush, to remove 
excess scale and attached cement paste. It was cut into a length of 80 mm (taken 
from the bonded region. The corroded piece of the steel bar was then submerged in 
the mixture of hydrochloric acid (HCl) (10 % concentration) and hexamine (100 
micro-litre per litre). Figure 3.12 (b). The weight of the corroded steel bar was 
measured every 5 minutes up to 30 minutes. For measuring weight, the sample was 
washed by water to remove any hydrochloric acid (HCl), and then acetone to clean 
the water.
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(a) (b)
Figure 3.12 Test arrangement of steel pickling in the fume cupboard; (a) fume 
cupboard with sash, (b) corroded bar hold by string in the mixture of hydrochloric
acid and hexamine.
The Initial rate of weight loss of the mass of the steel bar is high as the oxide surface 
is removed but with time decreases as the exposed steel surface becomes coated with 
a layer of Hexamine, Figure 3.13. The weight of corroded steel bar can be measured 
at a constant interval time till the reduction of steel mass becomes stable (showing 
constant gradual increase). The resulting graph of weight loss vs. time shows a 
change in the gradient where the oxide film has been dissolved by the acid and the 
exposed steel has reacted with the hexamine. By applying regression analysis to 
determine the trend line after this point it is possible to estimate the total weight loss 
of the corroded steel bar, Wx, at to- This weight is the total weight loss of the corroded 
steel bar after application of the target degree of corrosion by the accelerated 
corrosion method.
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Figure 3.13 Measurement of the total mass of the corroded steel in time.
3.3 DEVELOPMENT OF PULL-OUT PROTOCOL
3.3.1 Observation on the Experimental Test
As discussed in Section 2.4.2.3 a number of factors can influence the results of the 
pull-out test. Therefore, these influencing factors were considered to analyse the 
pull-out experimental data. The applied load induces the deformation of the bar and 
concrete in the longitudinal and transverse directions, so-called ‘Poisson effect’ so its 
influence on the bond stress-slip behaviour was considered in the analysis.
3.3.1.1 Influence of mechanical properties of the steel bar
Generally the mechanical behaviour of the steel bar has an influence on the pull-out 
test readings. During the pull-out test, the applied load induces an elastic lateral
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contraction (transverse deformation) and elongation (high longitudinal strain) of the 
bar both of which may affect the bond behaviour.
Assuming that the elastic limit of the steel bar is reached at 0.2 % strain, and the 
Poisson’s ratio is 0.3 then the expected transverse contraction of the bar will be 
0.06 % (Moon 1991; Wang and Salmon 2007). For a 16 mm diameter bar this 
equates to a reduction in the bar diameter of 0.096 mm at the elastic limit. This 
transverse deformation of the bar is insignificant in relation to the depth of the 
transverse ribs present on modern steel reinforcement and so this effect can be safely 
ignored. This is confirmed by the results of model analysis undertaken by Lundgren 
and Gylltoft who having concluded that the transverse deformation does not give any 
contribution to the bond stress (Lundgren and Gylltoft 2000; Lundgren 2005).
The longitudinal (axial) elastic extension of the bar under load must be considered 
when measuring the correct reading of the bar slip. To do this the steel bar was 
divided by two part, one is the embedment length of the bar (/) and the other is the 
free length of the bar (//). It is only the elongation of the free length of the bar that 
needs to be compensated for when analyzing the readings from LVDT2 and LVDT3, 
Section 3.3.1.3.
Additionally, the elastic modulus of the steel influences the results of the LVDT 
reading. According to BS 4449 (2005a), the elastic modulus of the steel bar is 200 
GPa as shown in Table 3.3 but the actual elastic modulus of the steel bars used in 
these experiments might be little bit higher. However, there is no significant 
difference between the elastic modulus of the steel bar based on the British Standard
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and actual stiffness of the steel bar. Therefore, in this thesis the elastic modulus of 
the steel bar was used based on BS 4449 (2005a).
3.3.1.2 Influence of properties of the concrete cube
Generally the mechanical behaviour of the concrete specimen has an influence on the 
pull-out test readings. During the pull-out test, applying load induces the “Poisson 
effect” of the concrete cube. Hence, the longitudinal contraction and transverse 
expansion of the concrete cube were expected and may affect the bond. Generally, 
under static loading conditions the Poisson’s ratio of normal strength concrete is in 
the range 0.15 -  0.20 whereas under dynamic conditions this rises to 0.20 -  Ô.24, 
(Neville and Brooks 1987; Moon 1991).
3.3.1.3 Calculation of the slip of the bar
During the experimental tests, the slip (displacement) measured by the LVDT’s and 
the local longitudinal strain measured by ER strain gauges were calculated taking 
due consideration of the displacements of the bar and the concrete. Figure 3.14.
The LVDT 1 reading measured the displacement (slip) of the bar at the end of bar 
from the base surface of the specimen. Therefore, the end slip of the bar (Send) 
measured by LVDTl is;
Send = LVDTI reading (equation 3.4)
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Figure 3.14 Illustration of LVDT positions and displacements of the bar and concrete.
During the application of the pull-out force, the concrete cube shrinks in the loading 
direction and, due to Poisson’s effect, expands in the transverse direction, see 
Section 2.4.1.5. Therefore, this longitudinal deformation of the concrete cube (Sc) 
can have an influence on the slip reading. Flowever, LVDTl was attached on the 
bottom surface of the concrete cube specimen, see Section 3.2.2.1, therefore, LVDTl 
reading is automatically compensated mechanically.
The LVDT2 and LVDT3 readings measured the slip of the bar at the pivot location 
so the elastic extension of the steel bar (^) in the free length of the bar (//) and the 
longitudinal deformation of the concrete cube (Sc) must be considered in order to 
compensate the top slip of the bar ( S to p ) .  Therefore, the top slip of the bar can be 
represented as;
Stop -  (LVDT2 + LVDT3)/2 -  5s -  ôc (equation 3.5)
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V = 
•/ Ô.. =
P I f
A  " 4  
P 'h
(equation 3.6) 
(equation 3.7)
Where, P is applied load, //is the free length of the bar (= 160 mm \ As is the cross- 
sectional area of the 16 mm bar (=201.1 mm^). Eg is the elastic modulus of the steel 
bar (= 200 kN/mm^), Ic is the depth of the concrete cube (= 200 mm), Ac is the contact 
area of the concrete cube (= 40000 mm^), and Ec is the elastic modulus of the 
concrete.
3.3.1.4 Predicted local bond stress-slip model
18.11
g 2.17
o 7.25
 ►
Slip (mm)0.1 Slip (mm)
(a)
Figure 3.15 Predicted bond stress-slip model at the cube strength of 52.5 MPa based 
on CEB-FIP model code 90; (a) Plain bar model, (b) Ribbed bar model.
According to CEB-FIP model code 90 (Comite Euro International du Beton 1992), 
one of the main factors to influence the bond stress-slip relationship is the concrete 
strength because other influencing factors were well controlled. Therefore, the 
predicted bond stress-slip models for the plain and the ribbed bar were built based on
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CEB-FIP model code 90 (Comite Euro International du Beton 1992) at the measured 
cube strength of concrete (52.5 MPa, taken from Table 3.4) as shown in Figure 3.15.
Table 3.7 Parameters for defining the predicted bond stress-slip model at the cube 
strength of 52.5 MPa based on CEB-FIP model code 90.
Plain bar model Ribbed bar model
Si O.I mm Si I mm
S2 0.1 mm S2 3 mm
S3 0.1 mm S3 9 mm
Pmax. — feu 2.2 MPa Pvaax. ~  J^ cu 18.1 M P a
E f  ~ f^max 2.2 MPa M f~  0 .4  fimax 7.3 MPa
Table 3.7 presents the parameters for plain bar in good bond conditions and for the 
ribbed bar in confined concrete and good bond conditions, see Section 2.4.2.4.
3.3.1.5 Calculation of strain
When the external forces are applied to the reinforcement, stress and strain are the 
result. ER strain gauges (SG) were used to measure the strain changes in the 
specimen during the experimental test. Therefore, the local strain readings on the 
reinforcement in the longitudinal direction were monitored. The typical values for 
the strain are often expressed in micro-strain units (micro-strain or pstrain = strain x 
10 )^ (Omega 1998). Therefore, the strain of the bar at the location of strain gauges 
{ s s g )  is;
ssG = SO reading (in micro-strain) (equation 3.8)
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For the validation of the strain data of the first experimental test, the calculated strain 
was obtained by multiplying the applied force by 10  ^ and dividing by the elastic 
modulus and cross-sectional area of the bar. This was used to compare with the strain 
data at the free length of the bar. The calculated strain ( s s ,s g )  is;
£s,sg = 10 x P  / ( E s  X A s ) (equation 3.9)
Where, P is the applied force. Es is the elastic modulus of the steel bar (= 200 GPa), 
and As is the cross-sectional area of the bar (=201.1 mm^).
3.3.2 First Pull-Out Experimental Test Series
The first series of pull-out experimental tests was carried to establish the technique 
and examine the bond stress-slip behaviour of plain and ribbed bar at large 
displacement under displacement control. The effect of artificial corrosion on the 
bond was investigated using specimens designed to give target degrees of corrosion 
of 0 %, 2.5 %, 5 %, and 10 % loss of bar cross-section. See Appendix A.I.
Table 3.8 Categories of the first pull-out experimental test series.
Bar type Degree of corrosion Installed strain gauges used
Plain bar 0 % (12 specimens) SGI, SG2, SG3, SG4
0 % (6 specimens) SGI, SG2, SG3, SG4
Ribbed bar
2.5 % (3 specimens) None
5 % (3 specimens) None
10 % (3 specimens) None
1 0 2
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Table 3.8 shows the categories of the first pull-out experimental test series up to 
target degrees of corrosion and installed ER strain gauges. Control specimens with 
embedded uncorroded plain and ribbed bar were used for the base data of the pull- 
out tests. In the case of 0 % degree of corrosion, 4 surface-mounted strain gauges, 
SGI, SG2, and SG3 were installed in the bonded region and SG4 was in the 
unbonded region, to monitor the local strain in the bar and so provide verification of 
the fluctuation in bond stress behaviour. Figure 3.16, that was independent of the 
LVDT data. In the case of 2.5 %, 5 %, and 10 % degrees of corrosion, strain gauge 
was not installed due to the potential for delamination of the gauges from the steel 
surface.
As shown in Figure 3.16, two strain gauges, SGI and SG3, had a clear distance of 5 
mm from the each end of bonded length (8.5 mm from the centre of strain gauge to 
the end of bonded length) and SG2 was located in the middle of the embedded length 
of the bar. The unbonded length of the bar in concrete is 120 mm but LVDT’s were 
attached 40 mm above from the surface of the concrete cube (pivot location). 
Therefore, SG4 was placed 80 mm from attached point of LVDT’s that is in the 
middle of the free length of the bar. Two of the strain gauges (SGI and SG3) were 
located on one side and the other two (SG2 and SG4) were installed on the opposite 
side to compensate any twist or bending of the bar during the experimental test. 
Details of ER strain gauges and its installation are presented in Section 3.2.2.2.
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Free length o f the bar (160)
Unbonded length (120)
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Figure 3.16 Illustration of ER strain gauge positions on the reinforcement at the first 
pull-out experimental test (SG: Strain gauge, in mm).
3.3.2.1 Preparation of pull-out specimen
Figure 3.17 Prepared mould for the test specimen and arrangement of the embedded 
bar; (a) vertically embedded bar in the concrete specimen, and (b) mould for the test.
The concrete was cast with the bar embedded in the centre. Figure 3.17, and the 
appropriate unbonded part of the embedded bar (/„ = 120 mm) in the concrete block
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was obtained by wrapping that part of the bar in a plastic air bubble sheet as shown 
in Figure 3.18.
K  -----*- 120 260
Figure 3.18 Prepared bar for the unbonding with a plastic air bubble sheet and 
wrapped by plastic tape (in mm).
Figure 3.19 shows the installed strain on the surface of the bar. Additionally, in the 
case of the ribbed bar, the clear rib spacing is about 9 mm, therefore, at least one rib 
was removed by grinding to provide the place for installing the strain gauge and this 
caused only minimal loss of bar cross-section, as shown in Figure 3.19 (b).
04 (b)
Figure 3.19 Application of the strain gauge on the bar at the first pull-out test; (a) 
strain gauge on the plain bar, (b) strain gauge on the ribbed bar.
The presence of the three strain gauges (SGI, SG2, and SG3) installed on the surface 
of the embedded part of the bar may cause a reduction of the local bond stress. 
Although the size of single strain gauge is 21.34 mm^, for the installation purposes a 
required area is two and half times of this area was required to install each gauge on
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the surface of the bar. Therefore, the total required area for three ER strain gauges in 
the bonded region was 160.05 mrr?. Given that the total surface area of the 
embedded bar in the concrete was 4021.24 mm^ so the installation of the strain gauge 
causes about 4 % loss of total bond surface. Thus although the installation of the 
strain gauges must reduce the maximum bond stress, the effect is considered 
relatively small, and therefore, this is neglected in the final calculations.
3.3.2.2 Pull-out test setup
tPull-outforce
! J
/ / / / / / / / Z
.L V D T l 'r f
/  V
:
LacÜ
■  I I  I I '
Steel 
frame
l/P T F E
LV D T2
\
\ L V D T 3  
M ounting ring
Pull-out
force
(a)
*• ' ft ; n
Figure 3.20 Illustration of the sample set-up and testing equipment for the first pull- 
out test; (a) Arrangement of pull-out test setup in the steel frame (b) Displacement 
control loading machine, (c) Data logger, and (d) Computer.
Initial trials of the pull-out test arrangement demonstrated that the original steel 
frame, used to hold the test specimen not rigid enough and caused bending of the 
reaction steel plate in the steel frame. Therefore, a new steel frame was built for
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loading up to 200 kN  to avoid significant deformations during the pull-out test as 
shown in Figure 3.20 (a). This new frame was used in all of the tests reported in this 
thesis. It should be noted that a sheet of Polytetrafluoroethylene (PTFE) material (3 
mm), as shown in Figure 3.20 (a), was used between the reaction area of concrete 
and test steel frame to reduce frictional forces, Section 2.4.1.5.
The physical arrangement of the test steel frame was fixed on the top of the testing 
machine. The concrete cube specimen was placed on the steel frame inside and 
extended side of embedded bar (or the reaction surface of the specimen) was 
downward, and the mechanical grip was applied in the loaded end of the bar. One 
LVDT (LVDTl) was placed on the base surface of the concrete and two LVDT’s 
(LVDT2 and LVDT3) were fixed on pivot location of the steel bar by mounting ring 
as shown in Figure 3.20 (a). Additionally, strain gauges were connected to strain 
gauge monitoring box, the small yellow boxes in the Figure 3.20 (b). LVDT’s and 
strain gauges were connected to the data logger which monitors the displacement 
(slip) and strain up to loading during the test as shown in Figure 3.20 (c) and then 
logger was connected to the computer for saving the test data. Figure 3.20 (d).
The test of the specimens was based on displacement control and so the effective 
loading rate changed during the process of bar slip. In these first experiments the 
maximum displacement rate was controlled at 2 mm/min (equivalent to a maximum 
loading of « 0.5 kN/sec). This was because; i) the loading rate must be fast enough to 
prevent creep effects and yet slow enough to prevent shock to the concrete, ii) it 
meant that each pull-out tests lasted around 25 minutes (excluding set-up time) and 
so allowed three specimens to be tested on the same day, and iii) Abidin (2003) had 
already completed similar experimental tests at 0.5 kN/sec.
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Figure 3.21 Arrangement of test setup; (a) Pulling out the bar to upward (pull-out up), 
(b) Pulling out the bar to downward (pull-out down).
The test arrangement used in the first series of tests the bars were being pulled out of 
the concrete in the upwards direction. Figure 3.21 (a). This caused a problem 
because the self-weight of the concrete cube generated a downward force so the 
concrete cube could drop suddenly during the slip process. Therefore, the bond stress 
was not being correctly monitored. The solution to this problem was simple. In 
subsequent tests the arrangement of specimen was inverted. Figure 3.20 (b). 
Therefore, the downward force was eliminated.
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3.3.3 Second Pull-Out Experimental Test Series
Based on the results of the first experimental test series, a previously unreported 
fluctuation in the post-peak bond stress-slip behaviour was observed. Section 4.2.3. 
However, during these first experiments it was not possible to measure the strain 
distribution along the steel bar due to damage to the surface-mounted strain gauges. 
In addition the effect of corrosion on the bond behaviour could not be properly 
assessed as the intended target degree of corrosion did not match that observed by 
inspection of the bars after testing was completed. Therefore, a second series of 
experimental tests was conducted that employed a modification of the first 
experimental approach. All test schemes of the second experimental test were 
designed based on both the CEB-FIP model code 90 (Comite Euro International du 
Beton 1992) and FIB Task Group Bond Models (FIB Task Group 2000), and the 
methodology developed in the first test programme. The key changes made were:
• The method for mounting the strain gauges along the length of the bar
• Reducing the corrosion current employed for accelerating corrosion
• The method of casting the test specimen
• Reducing the rate of loading.
The details of these changes are discussed in Sections 3.3.3.1 -  3.3.3.4.
3.3.3.1 Method for mounting the strain gauges
Five ER strain gauges, embedded in grooves cut into on the reinforcement, were 
used to measure local strain changes along the length of the bar. Table 3.9 shows the 
number of strain gauges employed during the second series of pull-out tests in 
relation to the associated target degree of corrosion used.
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Table 3.9 Categories of the second pull-out experimental test series.
Bar type Degree of corrosion Installed strain gauges used
Ribbed bar
0 % (6 specimens) SGI, SG2, SG3, SG4, SG5
0 % (3 specimens) SG4, SG5
2.5 % (3 specimens) SG4, SG5
5 % (3 specimens) SG4, SG5
Six specimens of ribbed bar at 0 % degree of corrosion were used as a base set to 
verify the fluctuation behaviour of the bond stress-slip and to examine the 
development of the strain distribution along the bar. To this end three strain gauges 
(SGI, SG2, and SG3) were installed along the embedded region of the bar and two 
strain gauges (SG4 and SG5) were installed in the unbonded region. Figure 3.22.
Bonded length (80)
Free length o f the bar (160)
Unbonded length (120)
SG I SG2 SG3 SG4 SG5
I
% 31.5 *
8,5
;--------------
31.5
5.5 8.5
91.5
Pivot
^ ^ ^
110 65 47
Figure 3.22 Position of the strain gauge on the reinforcement for the second pull-out 
experimental tests with no corrosion (in mm).
Experience from the first test series showed that the strain gauges were not able to 
reliably survive the process of accelerated corrosion. As a consequence it was 
decided that in samples subject to accelerated corrosion two surface-mounted strain
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gauges (SG4 and SG5) were used to measure the local strain in the unbonded region, 
Figure 3.23.
Bonded length (80)
Free length o f the bar (160)
Unbonded length (120)
SG4 SG5 :
80
83
# —
8.5
91.5
74
60
47
Pivot ^
4
Figure 3.23 Position of the strain gauge on the reinforcement for the second pull-out 
experimental tests with accelerated corrosion (in mm).
From the first pull-out experimental test, two problems in the usage of strain gauge 
were addressed. One was connectivity of the strain gauge during the preparation of 
the specimen (see Section 3.3.3.3) and the other one was losing connectivity of the 
strain gauges caused by breaking the wire during the test. The wire was embedded in 
concrete and as the steel bar is pulled out so at some point the wire lost the 
connection to the strain gauges due to elongation and slip of the steel bar. To 
overcome such problems Scott and Gill (1987) developed a method of monitoring 
strain along the bar in which the strain gauges, and associated wires, were 
accommodated inside a longitudinal groove which causes to loss of cross-sectional 
area of 11 %. Also Weathersby (2003) developed a method by mounting strain 
gauges in the providing groove along the bar in both longitudinal ribs that is loss of 
cross-sectional area of 6.5 %, see Section 2.4.1.5. However, Scott and Gill’s method 
may not be adaptable to use in the case of bending or torsion of the bar in the 
concrete because the bar is glued together down its length. In case of Weathersby’s
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method, the removal of both longitudinal ribs for may cause problems in resisting 
torsional effects.
Therefore, in this thesis a modified process, in which only one longitudinal rib has 
been removed, has been employed to install strain gauges in which a 3.2 x 4 m m , 
square cut, was machined along the bar length and the strain gauge and wire installed 
inside of the groove. Figure 3.24 and Figure 3.25 (Lee and Mulheron 2011). After 
installation of strain gauges, the groove was sealed to prevent ingress of the concrete 
mix inside.
(a)
3.2 
K— a
3J8 
K— a
6.99
(b) (c)
3
K— a
coo
(d)
Figure 3.24 Illustration of cross-section of 16 mm ribbed bar and location of square 
cut; (a) location of cutting square in 16 mm bar, (b) size of square cut, (c) actual size 
of a strain gauge (125UN, Vishay Intertechnology Inc.), (d) size of a wire (in mm).
The location of the groove was selected to minimise the loss of transverse rib area 
and limit any impact on the effective roughness of the bar and bond stress behaviour 
as shown in Figure 3.24 (a). Figure 3.25 (b) shows the square cut section of the bar 
and it causes around 8.7 % of total section loss also about 6.4 % (256 mm^) of 
bonding surface reduction along the embedment of the steel bar in concrete. This 
section size was decided due to consideration of actual size of installing strain gauge
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as shown in Figure 3.24 (c) and a wire size as shown in Figure 3.24 (d). Connected 
wires in the bonded section were installed cumulatively inside of the square cut and 
the cutting square covered and sealed but allowing some movement to prevent losing 
connectivity caused by elongation of the bar during the test.
It is recognised that this local modification of the cross-section of the bar means that 
the strain gauges register the bar strain slightly inside of the steel bar instead of those 
exactly at the surface. However, due to the high stiffness and strength of the steel, 
the difference in values between the point of measurement and the surface of the bar 
is considered small. In addition it is considered that the loss of section is of the same 
order as that of the methods of Scott & Gill (1987) and Weathersby (2003).
——— - --
(b) I I
/ / / / / / / ■
(a)
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(c)
( 67 (^18
 ^ 80 (bonding area) ^ 120 (ubonding area) ----)
Figure 3.25 Modification of the steel bar for the installation of the strain gauges at 
the second experimental test; (a) Cross section of the free end of the bar, (b) Plan 
view of the bar, (c) Elevation of the bar (in mm).
Typically, five strain gauges were used to monitor the change of local strain along 
the bar, three were in the bonded length and two were in the free length as shown in 
Figure 3.22. SG4 was used to monitor the strain change from the bonded to 
unbonded section of the bar and SG5, positioned at two third’s of the free length of
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the bar, to monitor the local strain in the free length of the bar for comparison with 
SG4 reading.
Figure 3.25 shows the prepared cut of 16 mm bar for installing strain gauges. The 
square cut, as shown in Figure 3.25 (b), was applied along 110 mm of the length of 
the bar from the free end for the installation of 4 strain gauges rather than the whole 
length of the bar. This was due to a technical difficulty of cutting, and a separate cut 
of 18 mm was made for installation of the fifth strain gauge. The process was 
associated with a local loss of section of between 8.7 % (SGI, SG2, SG3, and SG4) 
and 3.4 % (SG5). This procedure did not cause any loss of transverse ribs in the 
bonding area, but did change the cross-sectional area along the bar. The calculated 
results of the strain along the bar needed to compensate this difference. However, it 
should be remembered that the key reason for using the strain gauges was to provide 
independent verification of the fluctuation of the bond stress-slip behaviour observed 
using the LVDT’s.
1 2  3 4
iiiiliiii iiiiliiii iiiiliiii iiiiliiii
(a) (b)
Figure 3.26 Application of the strain gauge on the bar at the second pull-out test; (a) 
installation of strain gauges and sealed by silicon (SGI, SG2, SG3, and SG4), (b) 
installation of strain gauge at the free length (SG5).
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Figure 3.26 shows application of strain gauges in both the bonded and unbonded 
section. It should be noted that the gauges, and associated connecting wires, located 
in the groove were covered with a silicon sealant to help prevent the ingress of water 
and cement paste during the manufacture of the test specimens in Figure 3.26 (a).
3.3.3.2 Corrosion current
From the first pull-out experimental test with corroded ribbed bar, two problems at 
the accelerated corrosion control were addressed. The first was the lower degree of 
corrosion achieved in the embedment area than originally targeted which reflected 
the fact that some corrosion was also occurring on the surface of the free length of 
the bar. The second was the observation that corrosion of the steel embedded in the 
concrete tended to be localised at the free-end zone of the bar. These problems are 
considered to have resulted in a reduced degree of corrosion in the embedded area 
when compared to that originally planned. The applied (maximum) corrosion current 
density {Icorr.mœ) was calculated based on the surface area of the embedded steel. 
However, the results suggest that the actual (minimum) corrosion current density 
(fcorr./nm) was much lower. This appeared to be due to current being spread over a 
larger are of the steel bar than that simply in contact with the concrete. As a result a 
coating was used to prevent corrosion at unwanted areas. To this end, the entire 
length of the bar, except the embedment length, was coated with a bitumen paint and 
then covered by heat-shrink sleeve to help prevent any corrosion process during the 
application of the accelerated corrosion method.
Furthermore, application of high corrosion rate may cause thermal effects, such as, 
thermal stress, local corrosion, and drying of the concrete around in adjacent to the
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embedded steel. Therefore, the corrosion rate used in the accelerated corrosion of the 
specimens was reduced from 356 to 100 juA/cm^. This still represents a 100 times 
boost over even the highest rates of the corrosion found in the nature, i.e. 1 juA/cm^, 
see Section 2.5.4.
The detail calculation of the required corrosion period and rate up to target degrees 
of corrosion at the second experimental test is presented in Appendix A.2.
3.3.3.3 Method of casting the test specimen
Initially the concrete cube specimen was cast vertically. Figure 3.18, and as a 
consequence the “trowelled” surface of the cube became the reaction surface during 
the pull-out test. This was found to lead to problems of twisting of the steel bar, and 
reduction in the apparent concrete strength due to load concentrations. To overcome 
these issues the specimen was cast horizontally, as shown in Figure 3.27. This 
ensured that the surface of the concrete in contact with the steel plate was flat, so 
preventing localised load concentration during the test. In addition it ensured that the 
embedded bar was perpendicular to the contacting surface of the concrete on the 
bottom of plate of the steel frame. Therefore, any bending (or twisting) effect during 
the loading process could be reduced during the measurement of the slip of the bar.
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Figure 3.27 Prepared mould for the test specimen and arrangement of the embedded 
bar; (a) Steel pipe with screw bolt jack for securing centrally embedded bar,
(b) Installed plastic air bubble sheet for providing unbonded region.
3.3.3.4 Loading rate
The physical arrangement of the steel frame and the attachment of LVDT’s were the 
same as the first experimental test setup, see Section 3.3.2.2. The testing machine 
was selected to provide displacement control at 1 mm/min. This rate was used 
because it provided a loading rate that was closer to the 0.15 kN/sec recommended 
by BS EN 10080 (2005b). In addition this rate still enabled each individual test to be 
completed within 1 hour.
3.3.4 Third Pull-Out Experimental Test
According to the result of the second experimental tests, the fluctuation behaviour of 
the bond stress-slip, and its reproducibility, was verified along with the development 
of the strain distribution along the length of the bar. However, the effect of corrosion 
on the bond behaviour was not fully confirmed because there remained some
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uncertainty about degrees of corrosion achieved in each specimen in relation to the 
target. Therefore, a third set of pull-out experimental tests were conducted on 
samples subject to accelerated corrosion (with target steel section losses of 0, 2.5 and 
5 %, Appendix A.3). After testing the bars were subject to a controlled “pickling” 
technique to measure the actual loss of section that had been achieved. Section
3.2.3.3. Additionally, great care was taken when applying the accelerated corrosion 
method to the specimens to ensure that the correct target degree of corrosion was 
achieved. This involved making sure that i) the solution was ehanged to maintain 
the percentage of chloride contents and ii) that the corrosion current supplied by the 
power supply was delivered as designed.
Given that the object of the third experimental series was to better understand the 
effect of corrosion on the bond behaviour the key change was to verify the 
achievement of the target degree of corrosion by “pickling” of the bars to determine 
the exact loss of metal section. The test specimen were identical in form to those 
used in the second series of experiments with the exception that no strain gauges 
were installed which in turn meant that the steel bars were used without any 
modification of the cross-sectional area\ The preparation of the specimens followed 
that used in the second series of experimental tests. Section 3.3.3. However, given 
the absence of strain gauges and associated wires in these specimens a vibrating 
table was used to consolidate the concrete mix. The physical arrangement of the steel 
frame, the attachment of LVDT’s and loading rate employed were same as the 
second experimental test setup. Section 3.3.3.2.
 ^The strain gauges were employed in the second series had been used to confirm the observed 
fluctuation in the post-peak bond behaviour and so were not required in this third test series.
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CHAPTER 4 
RESULTS AND DISCUSSION
4.1 INTRODUCTION
In this chapter the results of the three experimental test series are presented and 
discussed. The calculation methods applied to the results are outlined to help better 
understand the post-processing of the experimental test results, such as, the influence 
of mechanical properties of the steel bar, the concrete and bond stress-slip 
relationship, and the measurement of the corrosion product using the weight loss 
method.
4.2 FIRST EXPERIMENTAL TEST SERIES
4.2.1 Bond Stress-Slip Relationship of Plain Bars
The pull-out experimental tests of plain bars under displacement control was 
conducted to examine the bond stress-slip behaviour of the steel bar and the results 
have been compared with predicted values using the CEB-FIP model code 90 
(Comite Euro International du Beton 1992).
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Table 4.1 Test specimen properties and condition of the plain bar for the first 
experimental test series.
Specimen Test style Age Mean cube strength {MPa)
Stiffness
(GPa)
Installed 
strain gauges
PUD07-01
PUD07-02
PUD07-03
Pull-out
up
7days 40.6 ± 0.6 Ec ~ 26.2 None
PUD28-01
PUD28-02
PUD28-03
Pull-out
up 28 days 52.4 ± 2.2 Ec — 29.2 None
PDD28-01
PDD28-02
PDD28-03
Pull-out
down 28 days 44.8 ± 0.2 Ec — 28.7 None
PDYl.5-01 1 
PDY 1.5-02 
PDY 1.5-03 1
1.5 year 57.5 ± 2.2 Ec = 37.0 SGI, SG2, SG3, SG4
Table 4.1 shows the test specimen properties and conditions of the plain bar for the 
first series of experimental pull-out tests. According to BS 5400 Part 4 (1990), the 
measured stiffness of the concrete are within the range of stiffness expected for the 
given strength grade. The mean cube strengths demonstrated that both the 7 and 28- 
day values were similar to those from the two trial mixes. Tables 3.2 and 3.3. The 
mean 28-day cube strength for the RDD28 series were somewhat lower than 
expected, see Appendix B. As expected the strength and stiffness of the concrete at 
1.5 years was greater than that achieved in the two trial mixes due to ongoing 
hydration of the concrete with time.
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Figure 4.1 Graphical representation of the bond stress-slip curves of PUD07 and
PUD28 series specimens.
Figure 4.1 shows the bond stress-slip behaviour of the PUD07 and PUD28 series of 
experiments in which the bar was pulled out of the concrete in the upwards direction. 
As noted in Section 3.3.2.2 this loading system led to some problems where the load 
associated with the self-weight of the concrete cube exceeded the residual bond 
strength once slip had commenced leading to the cube moving relative to the steel 
bar independently of the displacement caused by the test machine, see Figure 4.1 (a), 
(e) and (d). In spite of this problem the remaining results, Figures 4.1(b), (e) and (f) 
indicated that after passing a maximum (peak) value the bond stress decreased with 
bar slip and subsequently stabilised in the range 0.1 -  0.35 MPa. According to the 
CEB-FIP model code 90 (Comite Euro International du Beton 1992), the maximum
121
Chapter 4 Results and Discussion
bond stress is equal to the residual bond stress in the plain bar {/Umax = ///), see 
Section 2.4.2.4 However, the result showed that the maximum bond stress is not 
same as the residual bond stress {/hiax juj)- Therefore, the results of the PUD07 and 
PUD28 series were not used for the analysis of the bond stress-slip model of the 
plain bars.
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Figure 4.2 Graphical representation of the bond stress-slip curves of PDD28 and
PDY 1.5 series specimens.
Figure 4.2 presents the bond stress-slip results of the plain bar specimens of PDD28 
and PDY 1.5 series in which the bar was pulled downwards out of the concrete block 
which was itself supported on a steel plate, see Section 3.3.2.2. This approach 
prevented the sudden failure of the specimen that, due to the self-weight of the
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concrete cube, had affected some of the results in the early tests. According to Figure
4.2, the observed bond stress-slip behaviour of both series was somewhat different to 
that predicted by CEB-FIP model code 90 for plain bars presented in Figure 3.15 (a). 
The experimental data show that the bond stress increased, as expected, up to a 
maximum value but then decreased with increasing slip. These results suggest that 
the residual bond stress exists during the pull-out test of plain bars under the 
displacement control and that this behaviour is reproducible. Therefore, statistical 
and regression analysis were applied to build a modified bond stress-slip model of 
the plain bar based on the experimental test data.
The bond between the plain bar and concrete depends on adhesion and friction. After 
the maximum bond stress of the plain bar, the bond stress reduces due to the loss of 
adhesion. After this point it is the mechanical interaction (friction) between the plain 
bar and the concrete that is the main mechanism by which load can be carried during 
the pull-out test. The reduction in residual bond stress was observed because the test 
was conducted under the displacement control. Displacement control technique is 
more sensitive to monitor the force changes as a function of bar slip than the load 
control technique, see Section 2.4.3. This is one of the main reasons to choose 
displacement control in this study.
It should be noted that, based on the results of the tensile tests carried out on the 
plain bar (Section 3.2.1.3), the maximum load applied during the pull-out tests 
(24.85 kN) was significantly less than that required to cause yield of the plain bar 
(64.35 kN). Therefore, yielding of the plain bar during this series of experimental 
tests could not have occurred and so only “elastic” effects need to be considered. The 
applied load induces longitudinal deformation, tension, in the bar (and compression
123
Chapter 4   Results and Discussion
in the concrete) and a concomitant transverse deformation in both the bar and the 
concrete due to the, so-called, ‘Poisson effect’. The longitudinal deformations of the 
plain bar and the concrete cube can influence the measured top slip of the bar ( S to p ) .  
The maximum elastic extension of the plain bar (4), at 24.85 kN was calculated to 
be;
' A . ‘E.. 201.1x200
At the same load the maximum longitudinal deformation of the concrete cube ( S c ) ,  
was;
' 40000x37.0
Assuming that steel has a Poisson’s ratio of ~ 0.3 then the resulting transverse 
deformation (contraction) of the plain bar will be 0.03 mm. Assuming a Poisson’s 
ratio of 0.2 the transverse extension (expansion) of the concrete was determined to 
be 0.0006 mm. Thus, the transverse extension of the plain bar and elastic 
deformation of the concrete cube can be seen to be very small. Therefore, only the 
elastic extension of the plain steel bar has been included in the determination of top 
slip and other calculations of bond stress.
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Table 4.2 Statistical test results of PDD28 and PDY 1.5 series specimens.
Specimen Maximum load (kN)
Maximum 
bond stress 
(MPa)
End slip at 
maximum 
load (mm)
Bond stress 
at 4 mm of 
end slip
Bond stress 
at 16 mm of 
end slip
PDD28-01 3.98 0.99 0.26 0.61 0.43
PDD28-02 9.77 2.43 0.38 1.84 1.33
PDD28-03 2.53 0.63 0 0.37 0.23
Mean 5.43 1.35 0.21 0.94 0.66
S.D. 0.78 0.16 0.64 0.48
CoV 0.58 0.74 0.68 0.72
PDYl.5-01 19.73 4.90 0.11 3.45 2.78
PDY 1.5-02 24.85 6.18 0.12 4.02 3.48
PDY 1.5-03 20.79 5.17 0.20 3.29 3.07
Mean 21.79 5.42 0.14 3.59 3.11
S.D. 0.55 0.04 0.31 0.29
CoV 0.10 0.28 0.09 0.09
Table 4.2 shows the analytical calculation of the PDD28 and PDY 1.5 series 
specimens. The bond stress at 4 mm of end slip (i.e. equivalent to a quarter of the bar 
diameter) and at 16 mm of end slip (i.e. equivalent to one diameter of the tested bar) 
were used to statistical analysis. The Standard Deviation, S.D.;
S.D. -  - x f
V " /=i
(equation 4.1)
is a measure of the variability of a data set and about 68 % of all the data within a 
normally distributed population lies within ± 1 S.D. of the mean value (Lee 2003; 
James, Burley et al. 2011); the Coefficient of Variation, CoV;
CoV = S .D /x  (equation 4.2)
*.• X is the mean value of data set (%,) 
is a normalised measure of dispersion of a probability distribution (Lee 2003) and 
the CoV should be computed only for data measured on a ratio scale so CoV is
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always positive and less than 1.00. The CoV can be converted to a percentage by 
multiplying 100 (Lee and Shim 1990).
Estimated bond stress-slip model 
Statistical mean curve
?5.42
I
ffl 1.77 
1.35
§2.27
,0.21 0.14 ►
Slip {mm) 0.1 Slip {mm)
(b)(a)
Figure 4.3 Predicted bond stress-slip model and statistical mean curve; (a) PDD28 
series specimen, (b) PDY 1.5 series specimens.
Figure 4.3 presents a comparison between the predicted bond stress-slip behaviour 
by the CEB-FIP model code 90 (Comite Euro International du Beton 1992) and 
statistical mean curve based on the experimental test results from the PDD28 and 
PDY 1.5 series of specimens, Figure 4.4 and Table 4.2. In the case of the PDD28 
series, the predicted maximum bond stress is 1.77 MPa at 0.1 mm slip - assuming 
good bond conditions for a hot-rolled bar based. Table 2.4, and a concrete cube 
strength of 44.8 MPa. The measured (mean) maximum bond stress is 24 % lower 
than the predicted value and occurs at a slip about 2.1 times larger than predicted. In 
addition the existence of a significant residual bond stress was observed 
experimentally. In the case of the PDY 1.5 test series, the predicted maximum bond 
stress is 2.27 MPa at 0.1 mm slip - assuming good bond conditions for a hot-rolled 
bar. Table 2.4, and a concrete cube strength of 57.5 MPa. The measured (mean) 
maximum bond stress is 234 % higher than the predicted value and occurs at a slip
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about 1A  times larger than predicted. Again the existence of a significant residual 
bond stress was observed experimentally.
From the overall results of the test in the plain bar specimens, the observed 
behaviour of the bond stress-slip relationship showed the bond stress reduction after 
maximum bond stress. The possible reason for this is that the predicted bond stress- 
slip model was built on the assumption of load control, however, the experimental 
test was conducted under displacement control. The variation of the experimentally 
measured end slip and top slip of the plain bars with displacement were very similar 
confirming that the deformation of the concrete specimen could be ignored. The 
large differences observed between predicted and measured values of maximum 
bond stress suggest that the bond stress-slip model of plain bars by CEB-FIP model 
code 90 (Comite Euro International du Beton 1992) is inadequate. Therefore, it is 
necessary to construct a modified bond stress-slip model of the plain bar based on 
the experimental test results.
8
y = -310.15x^ + 86.60x + 0.09 
= 0.94
6
I
I 4
1CQ i f  y -4.22x^ + 6.86x + 0.202
R =0.61
0
0 2 4 6 8 10 12 16 1814
Slip (mm)
Figure 4.4 Regression analysis of PDD28 (blue) and PDY 1.5 (red) series specimen
based on Table 4.2.
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Figure 4.4 shows the regression analysis of the data for the PDD28 and PDY 1.5 test 
series specimen, obtained using Microsoft Excel program, used for the modelling of 
the bond stress-slip model of plain bars. Table 4.2. The model is in two parts 
separated into a parabolic model from zero to the maximum bond stress and 
subsequently an exponential curve after the maximum bond stress. According to 
Table 4.2, the CoV of the maximum bond stress in PDY 1.5 series indicated about 6 
times lower variance with about 2.5 times lower variance of slip than the PDD28 
series. This indicates that the bond stress in plain bar becomes more consistent with 
age, which is thought to reflect the on going hydration of the cement and subsequent 
precipitation at the concrete/steel interface improving adhesion and creating more 
interaction (friction) at the cement/steel interface. Figure 4.4 and Table 2.2. 
Therefore, bond development in plain bar is a long term process during which the 
development of the passive oxide film on the surface of the steel has the opportunity 
to interact with, and be penetrated by, the ongoing hydration products of the Portland 
cement.
In statistics, regression analysis refers to techniques for the modelling and analysis of 
numerical data consisting of values of a dependent variable and of one or more 
independent variable. The coefficient of determination (/^) is a measure of the 
reliability of the data fit to a trend on the scale of 0-1 (Lee and Shim 1990; James, 
Burley et al. 2011). For the PDY 1.5 series ^  is 0.94 up to the maximum bond stress, 
and 0.87 in the exponential curve, post-peak, that suggests the fit to the trend is 
reasonable. However, at the PDD28 series is 0.61 up to peak bond stress and 0.18 
after peak that suggests the fit to the trend is poor. Thus the 1.5 year data appears to 
be consistent and has reasonable reliability. Therefore, the modification of the bond
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stress-slip model of plain bars in eonfined and good bond condition was built based 
on PDY 1.5 series data rather than using PDD28 series.
s - s .
Si Slip (s)
Figure 4.5 Modified bond stress-slip model of the plain bar based on the pull-out 
experimental test results of PDY 1.5 series.
Figure 4.5 presents the modified bond stress-slip model of the plain bar in the 
confined concrete and good bond conditions based on the experimental test results of 
PDY 1.5 series. The parameters given in Table 4.3 are valid for the bond stress-slip 
model of the plain bar. The bond stresses between concrete and reinforcing bar in the 
modified bond stress-slip model can be calculated as a function of the relative 
displacement according to equations 4.3 to 4.5.
Equation 4.3 presents the parabolic development of the bond stress-slip of the plain 
bar up to maximum bond stress according to the regression analysis. Equation 4.4 
presents the exponential reduction of the bond stress after the maximum bond stress. 
Equation 4.5 presents the residual bond stress of the plain bar.
M = M, For 0 <s <S] (equation 4.3)
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.« 1
fj.=
for s i< s< S 2 (equation 4.4)
for S2 <s (equation 4.5)
Table 4.3 Parameters for defining the bond stress and a slip of plain bars based on 
the experimental test results of PDY 1.5 series in eonfined and good bond conditions.
CEB-FIP model code 90 Modified bond model
S i 0,1 mm 0.14 mm
S2 - Bar diameter in mm
a 0.5 0.2
fimax 0.3VZ;
a l - 0.62
- 0.6 /^nax
The slip (jy) at maximum bond stress in the modified model was calculated to be 
0.14 mm which exceeds, by more than 30 % the value predicted by CEB-FIP model 
code 90, see Section 2.4.2.3.
The residual bond stress {jij) was measured at 16 mm of slip {s2) (equivalent to one 
bar diameter) because the results of tests on plain bar specimens showed the bond 
stress was essentially not varying at 16 mm of slip. This suggests that adhesion 
between the bar and concrete had been lost and only the remaining friction was 
responsible for the residual bond stress. Increasing slip caused the remaining 
embedment length to reduce causing the residual bond stress to decrease until 
eventually the bar was pulled out completely.
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4.2.2 Strain Distribution along the Plain Bar
Table 4.4 Connectivity of the strain gauge in the PDY 1.5 series specimens.
Strain gauges
o p cv irr iL /ii B
SGI SG2 SG3 SG4
PSDl.5-01 1 0 o X X
PDY 1.5-02 1 0 O O X
PDY 1.5-03 0 0 0 O
(O: Connectivity is fine, x: Lost connectivity after casting)
For each specimen in the PS Y 1.5 series four ER strain gauges were installed on the 
surface of the bar to monitor the longitudinal strain distribution along the length of 
the bar, see Section 3.3.2. For the analysis of the strain gauge readings, it was 
assumed that one additional reading point was added at the free end of the bar (at 0 
mm on the bar in Figure 3.16) and reading of this point is always zero. Additionally a 
vertical line at 80 mm was drawn on each graph to indicate the boundary between the 
bonded region (0 to 80 mm) and unbonded region (80 to 200 mm).
Table 4.4 shows the installed strain gauges on the surface of the bar in the PSY1.5 
series specimen and indicates that 25 % of the installed strain gauges (3 out of 12) 
had lost connectivity before testing. It is thought that this problem is caused by the 
fact that surface mounted gauges are prone to damage during the easting process and 
subsequent compaction of the concrete. Therefore, in the manufacture of subsequent 
specimens the concrete was compacted using a vibrating poker rather than placing 
the whole mould on a vibrating table. Taken overall the results from the PSY 1.5-03 
specimen are the most reliable data source due to full connectivity of the installed
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strain gauge so these results have been analysed in detail and the results from the 
PDSYl.5-01 and PDY 1.5-02 specimens were used as a supporting evidence.
Table 4.5 Strain gauge readings of PDY 1.5-03 specimen at the loading eases along 
the bar.
Loading Bond stress 
{MPa)
Strain at SG locations (pstrain)
0 mm 8.5 mm 
(SGI)
40 mm 
(SG2)
71.5 mm 
(SG3)
160 mm 
(SG4)
(1) 16.39 4.08 0 79 351 1141 1385
(2) 20.79 5.17 0 163 8919 10092 1508
(3) 12.17 3.03 0 9159 8902 10090 1270
For the graphical presentation and statistical analysis of PDY 1.5 series, development 
of the strain distribution along the bar was monitored at 3 loading eases; (1) at 80 % 
of maximum loading for the initial strain development, (2) at the maximum loading 
for the maximum strain, and (3) at the loading of the residual bond stress, and 
presented in Table 4.5.
Figure 4.6 presents the development of longitudinal strain distribution curve along 
the plain bar specimen of PSYl.5-03. At the first loading ease (1), strain distribution 
curve showed a typical behaviour of the bar force as shown in Figure 4.6 (a), see 
Section 2.4.1.5. At the second loading ease (2), strain readings at SG2 and SG3 were 
dramatically increased while relatively small increment at SGI and SG4 readings as 
shown in Figure 4.6 (b). It means that the loading was concentrated and started to 
break the bonding at SG3 location. At the third loading case (3), the strain reading at 
SGI was dramatically increased. The strain readings in the embedment part (at SGI, 
SG2, and SG3) all showed high values. Figure 4.6 (c).
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Figure 4.6 Development of strain distribution along the bar of PS Y 1.5-03 specimen
at the considered loading eases.
Table 4.6 Strain gauge readings of PDY 1.5-01 specimen.
Loading
(^ 7V)
Bond stress 
(MPa)
Strain at SG locations (pstrain)
0 mm 8.5 mm 
(SGI)
40 mm 
(SG2)
71.5 mm 
(SG3)
160 mm 
(SG4)
(1) 16.27 4.05 0 8 225 - -
(2) 19.70 4.90 0 43 8950 - -
(3) 11.68 2.79 0 9159 8943 - -
133
Chapter 4 Results and Discussion
Table 4.7 Strain gauge readings of PDY 1.5-02 specimen.
Loading
(^ 7V)
Bond stress 
(MPa)
Strain at SG locations (pstrain)
0 mm 8.5 mm 
(SGI)
40 mm 
(SG2)
71.5 mm 
(SG3)
160 mm 
(SG4)
(1) 19.54 4.86 0 43 295 1724 -
(2) 24.85 6.18 0 92 10086 8922 -
(3) 14.00 3.48 0 6681 10081 8928 -
(a)
12000
10000 ’(1) 16.27 kN
8000 (2) 19.48 kNI
I 6000 -  A- (3 )1 1 .1 7 k N
i 4000
2000
0 40 80 120 160
SG location (mm)
(b)
12000
10000 '(1) 19.54 kN
8000 (2) 24.85 kNIK
- A -  (3) 14.00 kN6000
2 4000
2000
0*
0 40 80 120 160
SG location (mm)
Figure 4.7 Development of strain distribution along the bar of (a) PDYl.5-01 and (b)
PSY 1.5-02 specimen.
The results for specimens PDYl.5-01 and PDY 1.5-02, presented in Figure 4.6 and 
4.7, showed similar profiles to the results of PDY 1.5-03 specimen although the data 
is incomplete due to lost connectivity of some strain gauges. The predicted strain
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distribution along the plain bar was observed only at the first loading case (1). The 
second (2) and third loading case (3) showed somewhat different profiles because 
expected like the strain distribution in Figure 4.6 (a). Therefore, it is necessary to 
validate strain gauge readings. For this it was required not only to check that 
observed readings of installed strain gauges were in the operational range but also to 
check that the observed, and predicted strain readings at SG4 (the “free” part of the 
steel bar) showed the expected values.
The installed strain gauge (CEA 125UN) had a stated operational range of ± 50,000 
micro-strain for the stress analysis purpose and 10,092 micro-strain was the highest 
reading at the PDY 1.5 series (VISHAY Micro-Measurements 2007), see Section
3.2.2.2. Therefore, it is certain that the installed strain gauges cover the required 
measurement range of the plain bar strain during the experimental test.
Strain gauges at SG4 were installed in the unbonded region. Therefore, the predicted 
elastic strain at SG4 {ssg4) can be calculated by equation 4.6.
p
~ g  ^  xlO^ (equation 4.6)
Where, P is applied load, Es is the elastic modulus of the steel bar (200 GPa), and As 
is the cross sectional area (201.1 mrr?)
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Table 4.8 Measured and predicted strain readings of PDY 1.5-03 at SG4 location.
Loading {kN) Measured strain (pstrain) Predicted strain (pstrain)
(1) 16.39 1385 408
(2) 20.79 1508 517
(3) 12.17 1270 303
According to Table 4.8, the observed strain at SG4 of PDY 1.5-03 specimen showed 
about 3 times higher than the predicted strain and this may be caused by errors in the 
strain monitoring system, e.g. gauge factor or bridge control, or damage to the strain 
gauges during the test. Whatever the cause, it is certain that the surface mounted 
gauges did not accurately monitor the strain behaviour of the bar in the concrete 
during the first pull-out experimental test series on plain bars.
4.2.3 Bond Stress-Slip Relationship of Uncorroded Ribbed Bars
Table 4.9 Test specimen properties and condition of uncorroded ribbed bars.
Specimen Test style Age Mean cube strength {MPa)
Stiffhess
(G P a)
Strain gauge 
installation
RDY-01
RDY-02
RDY-03
Pull-out up 1 year 54.9 ±1.3 Ec = 36.5
Pull-out
down
1.5
year 57.5 ±0.6 Pc = 37.0
SGI, SG2, 
SG3, SG4
RCAOO-01
RCAOO-02
RCAOO-03
Pull-out
down
28
days 34.8 ±2.2 Er — 28.7 None
The pull-out experimental test on uncorroded ribbed bar under displacement control 
was conducted to examine the bond stress behaviour of the steel bar and the results 
have been compared with predicted values using CEB-FIP model code 90 (Comite 
Euro International du Beton 1992).
136
Chapter 4 Results and Discussion
Table 4.9 shows the test specimen properties and conditions of the uneorroded ribbed 
bars for the first series of experimental pull-out tests. According to BS 5400 Part 4 
(1990), the measured stiffness of the concrete are within the range of stiffness 
expected for the given strength grade. The mean cube strength at 28 days for 
RCCAOO series was somewhat lower than expected, Appendix B. As excepted 
strength and stiffness of the concrete at 1 and 1.5 years for ROY series was greater 
than that achieved in the two trial mixes at 28 days due to ongoing hydration of the 
cement with time.
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Figure 4.8 Graphical representation of the bond stress-slip curves of RDY series
specimens.
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Figure 4.8 shows the bond stress-slip behaviour of the RDY series of experiments. 
The RDY-01 specimen, Figure 4.8 (a), was the only one tested in the original (less 
rigid) steel frame by “pull-out up’ setup test style, so the pull-out test was not fully 
carried out due to bending of the steel plate, see Section 3.S.2.2. The other specimens 
were tested using a modified and much stififer steel frame. The result of the RDY-02 
specimen, Figure 4.8 (b), shows that the end and top slip readings were not 
monitored over the full range of the displacement. In contrast the bond stress-slip 
behaviour of the RDY-03 specimen was fully monitored but the observed end and 
top slip readings showed different profiles. Figure 4.8 (e). Therefore, the result of 
RDY-03 specimen was used to analysis this observed unexpected behaviour. RDY-02 
data was used as a reference due to partially monitored and RDY-01 was not used for 
the analysis due to steel plate bending but helped to build a modified steel frame, see 
Section 3.3.2.2.
Table 4.10 Statistical test results of RDY series specimens.
Maximum load
Specimen | Maximum bond stress (MPa)
End slip at maximum 
load (mm)
RDY-01 101.18 25.16 0.21
RDY-02 124.10 30.85 1.79
RDY-03 123.18 30.63 1.71
Table 4.10 shows the results of the maximum bond stress with slip of the RDY series. 
The predicted bond stress by CEB-FIP model code 90 (Comite Euro International du 
Beton 1992) is 18.52 kNfor the RDY-01 specimen and 18.96 kNfor the RDY-02 and 
RDY-03 specimens. Flowever, the monitoring of bond stress-slip behaviour of the
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RDY series was not monitored fully except for the RDY-03 specimen. Therefore, the 
RDY series was not used to analysis of the bond stress-slip behaviour of ribbed bars.
According to the tensile test the ribbed bar should yield at a loading of 109.8 kN, see 
Section 3.2.1.3. The observed maximum load was 101.18 kN for the RDY-01 
specimen, 124.10 kN  for the RDY-02 specimen, and 123.18 kN  for the RDY-03 
specimen (taken from Table 4.10). Therefore, yielding of the uneorroded ribbed bar 
was likely to have occurred in both the RDY-02 and RDY-03 specimens. The pull- 
out experimental test was designed for shear failure to occur without yielding of the 
embedded bar so the results of RDY series have been used to examine the yielding 
mechanism of the bar under the pull-out test.
Table 4.11 Yielding behaviour of RDY-03 specimen.
Loading bond stress End slip Top slip Difference in slip
(MPa) {mm) (mm) (mm)
108.66 27.02 '
123.18 30.63 1.71 13.03 1 11.32
Difference 3.61 1
According to the result of RDY-03 specimen in Figure 4.8 (c) and Table 4.11, the 
bond stress-slip curve measured by the top slip started different profile at 108.66 kN 
of loading. It means that the ribbed bar at RDY-03 specimen was started to yield at 
108.66 kN. However, the bar was not broken because the maximum loading (123.18 
kN) did not exceed the loading at the ultimate tensile strength of the ribbed bar 
(131.12 ^A).
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Loading at the ultimate tensile strength of the ribbed bar is;
P= a x  As ^652  x 201.1 = 131.12 A#
Where, o-is 652 N/mm^, taken from Table 3.6?
The slip difference between the end and the top was 11.32 mm that can be the plastic 
extension of the steel bar during the test as shown in Table 4.11. The steel bar of 
RDY-03 was examined after the test and it was 7 mm longer than the total length of 
the steel bar. The elastic extension of the steel bar is 0.43 mm so the plastic extension 
of the steel bar is 11.75 mm (= 11.32 mm + 0.43 mm). This can be explained that the 
total elongation of the steel bar was 11.75 mm and 4.75 mm (= 11.75 mm -  7 mm) 
was rebounded back after lost mechanical bonding so 7 mm of plastic extension 
remained. Furthermore, the plastic extension of the ribbed bar occurred mainly in the 
free length of the bar because the applied load was transferred to the concrete in the 
embedment length through the ‘bond stress’.
Elastic extension of the bar (4) at RDY-03 specimen at 108.66 kN  of loading by 
equation 3.6 is;
^ ^ ^ ^ 1 0 8 . 6 6 x 1 6 0  ^ ^ ^ 3 ^ ^
4 - ^ ,  201.1x200
Figure 4.9 shows the bond stress-slip behaviour of the RCAOO series of experiments 
and a previously unreported fluctuation in the behaviour of bond stress with slip was 
clearly observed (Lee and Mulheron 2011). This data was used as a basis data of 
analysing the effect of corrosion on the bond behaviour, see Section 4.2.5
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Figure 4.9 Graphical representation of the bond stress-slip curve of RCAOO series
specimens.
The bond between the ribbed bar and concrete depends on adhesion, friction and 
mechanical interlocking. After the maximum bond stress of the ribbed bar is 
exceeded it is normally assumed that both adhesion and mechanical interlocking is 
gradually lost and so the residual bond stress relies solely on friction effects. 
However, the post-peak bond stress in these specimens was observed to fluctuate 
during the debonding behaviour increasing and decreasing at a wavelength of the 
order of the rib spacing. This suggests that mechanical interlocking continues to
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contribute after initial fracture of the concrete lug by the steel rib. This fluctuation 
behaviour of the bond stress was studied extensively in the second pull-out 
experimental test series using an independent verification method, through using 
installed strain gauges, to confirm that the observed effect was real and reproducible.
Table 4.12 Statistical test results of RCAOO series specimens.
Specimen Maximum load {kN)
Maximum 
bond stress 
{MPa)
End slip at 
maximum 
load {mm)
Bond
stress
at 9 mm
Bond stress 
at 18 mm
RCAOO-01 1 67.85 16.87 1.51 5.44 2.53
RCAOO-02 69.78 17.35 1.87 5.30 3.56
RCAOO-03 58.27 14.49 1.68 3.90 2.13
Mean 16.24 1.69 4.88 2.74
S.D.* 1.25 0.15 0.7 0.6
CoV* 0.08 0.09 0.14 0.22
(* S.D. = standard deviation, * CoV = coefficient of variation)
Table 4.12 shows the statistical calculation of RCAOO series and bond stresses were 
measured at 9 mm (clear rib spacing) of the slip and at 18 mm (2 times of clear rib 
spacing) of the slip to monitor the bond stress behaviour.
The Poisson effect on the test specimen was considered in the analysis. The 
longitudinal deformations of the ribbed bar and the concrete cube influence on the 
top slip of the bar ( S to p ) .  The maximum elastic extension of the ribbed bar ( 4 ) ,  which 
the free length of the bar (//) was considered only due to load transfer in the bonded 
region, at the highest loading measured at RCAOO series (69.78 kN, taken from Table 
4.12) was calculated by equation 3.6 to be;
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P l f  69.78x160
=  0.28/MfM
A^-E^  201.1x200
At the same load the maximum longitudinal deformation of the concrete cube (Sc)
was calculated by equation 3.7 to be;
^ ^ ^  69.78x200 ^ ^ ^ , ^ ^ ^
A^-E^. 40000x28.7
Assuming a Poisson’s ratio of 0.2 the transverse extension of the concrete was 
determined to be 0.0024 mm. Thus, the longitudinal and transverse deformations of 
the concrete cube can be seen to be very small. The transverse deformation of the 
ribbed bar was neglected because the elastic limit of the ribbed bar was not exceeded 
during the test, see Section 3.3.1.1, in which the maximum loading (69.78 kN from 
Table 4.12) of the RCAOO series was lower than the loading at the elastic limit 
(109.8 kN), see Section 3.2.1.3. Therefore, only the elastic extension of the ribbed 
bar was considered in the determination of the top slip for the RCAOO series.
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Figure 4.10 Graphical representation of bond stress-slip results of RCAOO series and 
predicted bond model by CEB-FIP model code 90.
According to Figure 4.10, the bond stress-slip relationship of RCAOO series showed 
reasonably similar behaviour of the predicted bond stress-slip model by CEB-FIP
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model code 90, Table 4.13, up to the residual bond stress < s s ) .  However, the 
residual bond stress behaviour ( 5  > S3) was clearly showed different behaviour. From 
the maximum loading to the residual bond stress { s 2 <  s  <  S 3 ) ,  the slip curves started 
to decrease dramatically and then started to decrease gradually to approach the 
residual bond stress. This gentle approaching to the residual bond stress is the benefit 
of using displacement control technique that is more sensitive to monitor the changes 
of loading. As a result of the RCAOO series experimental test, the unexpected (and 
previously unreported) fluctuation behaviour of the bond stress-slip and gradual 
reduction of the residual bond stress were observed.
Table 4.13 Predicted parameters by CEB-FIP model code 90 and statistical test 
results of RCAOO series for the bond stress-slip model.
Predicted parameter 
at 34.8 kN  of the cube strength
Statistical test results
S i 1 mm Si \.69 mm
S2 3 mm S2 1.69 ± 0.15 mm
S3 9 mm S3 9 mm
- - S4 18 mm
Mmax ~ U .15 MPa Pmax 16.24 MPa
E f ~  0.4 fJmax 5.90 MPa P f 4.88 MPa
- - P fl 2.74 MPa
According to Table 4.13, the maximum mean bond stress of statistical results of 
RCAOO series is 11 % higher than the predicted value by CEB-FIP model code 90 
and the deviation of the residual bond stress is 17 % lower than the predicted bond 
model. Consequently, the variation of the test results are less than 30 %, see Section
2.4.2.4. However, the experimentally measured residual bond stress showed a 
consistent fluctuation in the bond stress not predicted by the model code. Therefore,
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it is necessary to build a modified bond stress-slip model of the ribbed bar based on 
the experimental test results of RCAOO series. In the modified bond stress-slip model, 
the fluctuation of the residual bond stress was not considered due to the usage and 
simplification of the model.
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Figure 4.11 Regression analysis of RCAOO series specimen based on Table 4.12.
Figure 4.11 shows the regression analysis of RCAOO series specimen for the 
modelling of the bond stress-slip model of uncorroded ribbed bars based on the 
numerical data at Table 4.12. According to Figure 4.11, when the slip \s 0 < s < S], 
the bond stress-slip curve showed a polynomial curve in 99 % of reliability (R^ in 
percentage, coefficient of determination) and parameter is defined in equation 4.7 
and presented in Figure 4.11. According to Table 4.12, the end slips at the maximum 
bond stress were occurred in between 1.39 mm and 1.99 mm at two standard 
deviations (95.45 %) and the coefficient of variation is 0.09 that is 9 % of dispersion 
of a probability distribution. Therefore, it is sensible to determine that si is 1 mm and 
to reduce S2 from 3 mm to 2 mm, defined in equation 4.8. When the slip is 5 2  < 5  < S3,
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the bond stress-slip curve can be defined as a linear behaviour in 97 % of reliability, 
defined in equation 4.9, also when the slip is ss < s < the bond stress-slip curve 
can be defined as a linear behaviour in 73 % of reliability, defined in equation 4.10.
=  Mnrnx -  (^max “  M f
V 4
S - S i ^
s^  - s 2 >
-^3 '
-■^3 J
for 0 <5
for Si < s< S 2
for S2<S<S3 
for S3 < S < S 4
(equation 4.7) 
(equation 4.8)
(equation 4.9) 
(equation 4.10)
s -s .
-s,
M=Mma/s/Sj)‘
Si S2
Slip (s')
Figure 4.12 Modified bond stress-slip model of uncorroded ribbed bars based on the 
experimental results of RCAOO series.
Figure 4.12 presents the graphical presentation of the modified bond stress-slip 
model of ribbed bars and Table 4.14 is its defined parameters by statistical and 
regression analysis and bond model suggested by CEB-FIP model code 90 (Comite 
Euro International du Beton 1992).
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Table 4.14 Parameters for defining the bond stress and a slip of plain bars based on 
the experimental test results of RCAOO series in confined and good bond conditions.
CEB-FIP model code 90 Modified bond model
S i 1 mm 1 mm
S2 3 mm 2 mm
S3 9 mm (Clear rib spacing) 9 mm (Clear rib spacing)
S4 - 18 mm (2 times of clear rib spacing)
a 0.4 0.2
fJ^max 2.5VZT 0 .4 %
0.4///nax 0.3'2,/iffiax
- 0.63jUf
4.2.4 Strain Distribution in Uncorroded Ribbed Bars
For each specimen in the RDY series four ER strain gauges were installed on the 
surface of the bar to monitor the longitudinal strain distribution along the length of 
the bar, see Section 3.3.2. For the analysis of the strain gauge readings, it was 
assumed that one additional reading point was added at the free end of the bar (at 0 
mm on the bar in Figure 3.16) and reading of this point is always zero. Additionally a 
vertical line at 80 mm was drawn on each graph to indicate the boundary between the 
bonded region (0 to 80 mm) and unbonded region (80 to 200 mm).
Table 4.15 Connectivity of the strain gauge in the RDY series specimens.
Specimen
Strain gauges
SGI SG2 SG3 SG4
RDY-01 0 0 O X
RDY-02 0 X 0 O
RDY-03 0 0 O O
(O: Connectivity is fine, x: Lost connectivity after casting)
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Table 4.15 shows the installed strain gauges on the surface of the bar in the RDY 
series specimen and indicates that 17 % of installed strain gauges (2 out of 12) had 
lost connectivity before testing. It is thought that this problem was caused by the fact 
that surface mounted gauges are prone to damage during the casting process and 
subsequent compaction of the concrete. Therefore, in the manufacture of subsequent 
specimens the concrete was compacted using a vibrating poker rather than placing 
the whole mould on a vibrating table. Taken overall the results from the RDY-03 
specimen are the most reliable data source due to full connectivity of the installed 
strain gauge so these results have been analysed in detail and the results from the 
RDY-02 was used as a supporting evidence.
- ( 1)
(3)' Slip
Figure 4.13 Loading cases for the development of the strain distribution along the 
bar related with observed bond stress-slip of RDY series.
For the graphical presentation and statistical analysis of the RDY series, the 
development of the strain distribution along the bar was monitored at 5 loading 
(bond stress) cases; (1) at a half of maximum loading, (2) at the maximum loading.
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(3) at the residual bond stress, (4) at the middle of the first fluctuation cycle of the 
residual bond stress, and (5) at the end of first fluctuation cycle of the residual bond 
stress. Figure 4.13, and presented in Table 4.16.
Table 4.16 Strain gauge readings of RDY-03 specimen.
Loading
(&A)
Bond stress 
{MPa)
Strain at SG locations (pstrain)
0 mm 8.5 mm 
(SGI)
40 mm 
(SG2)
71.5 mm 
(SG3)
160 mm 
(SG4)
(1) 61.92 15.40 0 77 156 1-3141* 639
(2) 123.18 30.62 0 9161 8810 7397 3291
(3) 0 0 0 1832 1762 2018 509
(4) 6.04 1.50 0 1832 1763 2018 511
(5) 5.25 1.30 0 1832 1762 2018 508
* All readings were converted to the absolute vales instead of the actual value due to 
a mechanical compensation of the strain gauges arrangement (Lee 2003).
2000
Compensated curve Actual curve
1500
1000
500 
.S 0
S 120^  -500
1000
SG location along the bar (mm)
Figure 4.14 Graphical presentations of the strain distribution of the RDY-03 
specimen at the first loading case (61.92 kN).
Figure 4.14 shows a negative strain reading at SG3 location of RDY-03 specimen. 
This unexpected phenomena may be caused that the embedded bar was not properly
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oriented in perpendicular to the base surface of the concrete cube during the casting 
so the bar was hogging at the SG3 locations during the experimental test. In this 
circumstance, the SG3 reading could show the negative value in the beginning of the 
loading but as increasing load, the strain of the bar will also overcome the negative 
readings. Therefore, the negative readings are compensated to positive value due to 
the zigzag arrangement of the strain gauges along the bar as shown in Figure 3.16, 
see Section 3.3.2.
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Figure 4.15 Development of strain distribution along the bar of RDY-03 specimen at
the considered loading cases.
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Figure 4.15 presents the development of longitudinal strain distribution curve along 
the ribbed bar of specimen RDY-03. At the first loading case (1), the strain 
distribution curve showed a typical behaviour of the bar force, Figure 4.15 (a). At the 
second loading case (2), maximum loading caused failure of the bond along the 
embedment part and reached to SGI location. Figure 4.15 (b). At the third loading 
case (3), the loading was reduced to 0 kN  but the residual strain remained due to 
plastic deformation of the bar as shown in Figure 4.15 (c). At the fourth loading ease
(4), the strain distribution of the residual bond stress was not changed from the third 
loading case although the loading was increased. At the fifty loading case (5), the 
strain distribution was not changed as well from the third loading case. Thus load 
eases 3-5 represent the strain distribution in the bar during the post-bond failure 
process.
Table 4.17 Strain gauge readings of RDY-02 specimen.
Loading Bond stress 
{MPa)
Strain at SG locations (pstrain)
0 mm 8.5 mm 
(SGI)
40 mm 
(SG2)
71.5 mm 
(SG3)
160 mm 
(SG4)
(1) 62.40 15.52 0 271 - 583 2387
(2) 124.10 30.86 0 6186 - 7269 5929
(3) 13.72 3.41 0 6648 - 7267 5335
(4) 24.45 6.08 0 6654 - 7290 5348
(5) 18.71 4.65 0 6667 - 7244 5314
According to Table 4.17 and Figure 4.16, the development of strain distribution 
along the bar of RDY-02 specimen showed similar profile of RDY-03 up to the 
maximum loading. However, the reduction was not observed at the subsequent 
loading cases. It is possible that some plastic deformation of the bar may have 
occurred.
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Figure 4.16 Development of strain distribution along the bar of RDY-02 specimen at
the considered loading cases.
According to the tensile strength test the ribbed bar should yield at around 110 kN, 
see Section 3.2.1.3. The observed maximum load was 124.10 kN for the RDY-02 
specimen and 123.18 kN for the RDY-03 specimen, Table 4.10. Therefore, yielding 
of the steel bar must have during the testing of the RDY-02 and RDY-03 specimens. 
Furthermore, the expected strain distribution along the ribbed bar was observed only 
at the first loading case (1). The rest of them showed somewhat different profiles. 
Therefore, it is necessary to validate the data of strain gauge readings.
For the validation of the strain reading data, it is required not only to check that 
observed readings of installed strain gauges were in the operational range but also to 
cheek that the observed and predicted strain readings at SG4 location were consistent. 
As noted previously. Section 4.2.2, the strain observed at the RDY series is in the 
stated operational range of the installed strain gauges during the experimental test.
152
Chapter 4 Results and Discussion
The predicted strain was calculated by equation 4.6 and presented in Tables 4.18 and 
4.19. The calculation was based on the assumption that the installation of gauges on 
the surface of the bar resulted in the effective local cross-section of the bar being 
reduced by 3 %.
Table 4.18 Measured and predicted strain results of RDY-02 at SG4 location (in 
pstrain).
Loading (kN)
Measured
strain
Predicted
strain
Considered 3 % lost of 
cross-section
(1) 62.40 2387 1 1551 1599
(2) 124.10 5929 1 3086 3181
(4) 13.72 5335 341 352
(5) 24.45 5348 608 627
(6) 18.71 5314 1 465 479
Table 4.19 Measured and predicted strain results of RDY-03 at SG4 location (in 
pstrain).
Loading (kN)
Measured
strain
Predicted
strain
Considered 3 % lost of 
cross-section
(1) 61.92 639 1540 1588
(2) 123.18 3291 3063 3158
(4) 0 509 0 0
(5) 6.04 511 150 155
(6) 5.25 508 131 135
According to Tables 4.18 and 4.19, the measured strains up to loading cases usually 
showed higher than the predicted strains even the highest difference was more than 
14 times observed at RDY-02 at the loading case (4). Most possible way of explain
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this phenomena is damaging strain gauge during the test duet to pulling out bar. 
Therefore, it is certain that the surface mounted gauges had a trouble to monitor the 
strain behaviour of the bar in concrete at the first pull-out experimental test series of 
ribbed bars.
According to the validation of dada, the reliability of the strain readings of RDY 
series was low due to surface mounted strain gauges and yielding of the bar during 
the testing, see Section 4.2.3. Therefore, the test method was modified to prevent 
damaging strain gauges and to control the test under the elastic limit of the steel bar 
at the second experimental test series.
4.2.5 Bond Stress-Slip Relationship of the Corroded Ribbed Bar
Table 4.20 Test specimen properties and conditions of corroded ribbed bar for the 
first experimental test series.
Specimen Degree of corrosion Age
Mean cube 
strength {MPa)
Stiffhess
(Gfa)
Installed 
strain gauges
RCA25-01
2.5 % 8 month 43.5 ± 1.5 ^ c = 25.8 NoneRCA25-02
RCA25-03
RCA50-01
5% 8 month 43.5 ±1.5 Ec — 25.8 NoneRCA50-02
RCA50-03
RCAlGG-01
1G% 8 month 45.2 ± 1.6 Ec = 29.2 NoneRCA1GG-G2
RCA1GG-G3
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The pull-out experimental test of ribbed bars under displacement control was 
conducted to examine the bond stress behaviour of the corroded ribbed bar and the 
influence of the degree of corrosion on the bond behaviour, and compared with 
predicted bond stress-slip model of ribbed bars by CEB-FIP model code 90 (Comite 
Euro International du Beton 1992),
Table 4.20 shows the properties and conditions of test specimens corroded ribbed 
bars up to the degrees of corrosions (2.5 %, 5 % and 10 % loss of bar cross-section), 
and all experimental tests were conducted using the ‘pull-out down’ setup at the 
same age and also strain gauges were not installed due to the delamination on the 
surface of the bar by corrosion products (rust). According to BS 5400 Part 4 (1990), 
the measured stiffness of the concrete of the RCA25 and RCA50 series have the 
reached lower boundary of typical range of stiffness (26 to 36 MPa) and the 
RCA 100 series is within the range expected for the given strength grade. The mean 
cube strengths were somewhat lower than that achieved in the two trial mixes. Tables
3.2 and 3.3, see Appendix B.
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Figure 4.17 Graphical representation of the bond stress-slip curve of (a) RCA25 
series, (b) RCA50 series, and (e) RCA 100 series.
Figure 4.17 presents the bond stress-slip results of the corroded ribbed bar specimens 
of RCA25, RCA50, and RCA 100 series up to the target degree of corrosion. The 
results show similar behaviour to that predicted behaviour by the bond stress-slip 
relationship by CEB-FIP model code 90. However, the previously observed
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fluctuation of the post-peak bond stress and gradual decrease against increasing slip 
were clearly observed. This was in agreement with the results from the uncorroded 
ribbed specimens of the RCAOO series, see Section 4.2.4.
Table 4.21 Test results of ribbed bar in corroded condition for the first experimental 
test series.
Specimen Maximum load {kN)
Maximum 
bond stress 
{MPa)
End slip at 
maximum 
load {mm)
Bond stress 
at 9 mm
Bond stress 
at 18 mm
RCA25-01 91.12 22.66 1.76 8.22 5.16
RCA25-02 85.07 21.16 1.53 5.93 2.72
RCA25-03 109.10 27.13 1.25 2.62 2.05
mean 95.10 23.65 1.51 5.59 3.31
S.D.* 2.54 0.21 2.30 1.34
CoV* 0.11 0.14 0.41 0.40
RCA50-01 73.20 18.20 2.45 6.49 4.37
RCA50-02 84.42 20.10 1.59 6.08 3.85
RCA50-03 80.32 19.98 1.36 1.63 1.11
mean 79.31 19.43 1.80 4.73 3.11
S.D.* 0.87 0.47 2.20 1.43
CoV* 0.04 0.26 0.46 0.46
RCAlOO-01 98.84 24.58 1.71 9.53 5.26
RCAlOO-02 107.07 26.63 1.31 8.95 5.78
RCAlOO-03 106.20 26.41 1.97 9.42 6.46
mean 104.04 25.87 1.66 9.30 5.83
S.D.* 0.92 0.27 0.25 0.49
CoV* 0.04 0.16 0.03 0.08
(* S.D. = standard deviation, * CoV = coefficient of variation)
Table 4.21 shows the statistical calculation of RCA25, RCA50, and RCA 100 series 
specimen and bond stresses were measured at 9 mm (clear rib spacing) of the slip
157
Chapter 4 Results and Discussion
and at 18 mm (2 times of clear rib spacing) of the slip to monitor the residual bond 
stress behaviour.
The Poisson effect on the test specimen was considered in the analysis. As noted 
previously, Section 4.2.3, the highest loading observed at the RCA25, RCA50 and 
RCA 100 series did not exceeded the elastic limit of the ribbed bar during the test. 
Therefore, only the elastic extension of the ribbed bar was considered in the 
determination of the top slip for the RCA25, RCC50 and RCClOO series.
According to Figure 4.17, the bond stress-slip relationship of RCA25, RCA50 and 
RCA 100 series showed reasonably agreement with the predicted bond stress 
behaviour by CEB-FIP model code 90 up to peak stress. However, post-peak 
behaviour was different as the model code was unable to reflect the fluctuation in 
bond stress observed experimentally. Therefore, statistic and regression analysis 
were applied to compare the corrosion effect up to degrees of corrosion.
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Figure 4.18 Regression analysis of RCA25 series specimen based on Table 4.21.
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According to Figure 4.18, when the slip is 0 < s < sj, the bond stress-slip curve 
showed a polynomial curve in 98 % of reliability. According to Table 4.21, the end 
slip at the maximum load in RCA25 series was monitored in between 1.09 mm and 
1.93 mm account for 95 % of two standard deviations and also the coefficient of 
variation is 0.14 that is 14 % of dispersion of a probability distribution. Therefore, it 
is sensible to use si is 1 mm and ^ 2  is 2 mm. When the slip is S2 < s < S3, the bond 
stress-slip curve can be defined as linear behaviour due to 94 % of reliability, and 
also when the slip is .yj < 5  < S4, the bond stress-slip curve can be defined as linear 
behaviour due to 27 % of reliability. The mean bond stress values at 9 and 18 mm of 
slip showed that the S.D. and CoV were high so the reliability was low in the region , 
S3 < s < S4. This is thought to be the results of the unexpected fluctuation of bond 
stress during the slip process following debonding. However, the behaviour showed 
gradual reduction so used low reliability was used in this region for predicting 
simplified residual bond stress behaviour in the modified bond model.
Table 4.22 Predicted bond stress-slip models by CEB-FIP model code 90 and by 
modified bond stress-slip model of RCAOO series, and statistical mean bond stress- 
slip curve of RCA25 series.
CEB-FIP model Modified bond model based on RCAOO
Statistical mean curve 
ofRCA25
Si 1 mm 1 mm 1 mm
S2 3 mm 2 mm 2 mm
S3 9 mm 9 mm 9 mm
S4 - 18 mm 18 mm
a 0 . 4 0.4 0.4
f^max 16.49 MPa 20.45 MPa 23.65 MPa
jUf 1 6.60 MPa 6.54 MPa 5.59 MPa
1 4.12 MPa 3.31 MPa
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Table 4.22 collates the predicted bond stress-slip model of RCA25 series by CEB- 
FIP model code 90 (Comite Euro International du Beton 1992) and by the modified 
bond stress-slip model based on RCAOO series, and statistical mean bond stress-slip 
curve. The fluctuation of the residual bond stress when < 5 < 5 .# in RCA25 series 
was monitored, however, this was not considered in the modified bond stress-slip 
model of 2.5 % of corroded ribbed bar so the fluctuation was converted to linear 
behaviour due to the usage and simplification of the model.
Model by results o f  RCA25 series
Model by results o f RCAOO series
Model by CEB-FIP model code
at 6.60 MPa 
/  at 6.54 MPa
Slip (mm)
Figure 4.19 Estimate and modified bond stress-slip model of RCA25 series.
Figure 4.19 shows the comparison data results of RCA25 series specimen. The 
overall shape of the bond stress-slip curve is more like predicted model of RCAOO 
series (0 % corrosion), and predicted bond model by CEB-FIP model code 90 
(Comite Euro International du Beton 1992) was not adequate for the analysis due to 
43 % lower at the maximum bond stress and 18 % higher at the residual bond stress 
so corrosion analysis of the ribbed bar was conducted based on the modified bond 
model by RCAOO series. Statistical mean bond model of RCA25 series was 16 %
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higher at the maximum bond stress and 15 % lower at 9 mm slip and 20 % lower at 
18 mm slip at the residual bond stress than the modified bond stress-slip model from 
the experimental test results of RCAOO series.
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Figure 4.20 Regression analysis of RCA50 series speeimen based on Table 4.21.
Aceording to Figure 4.20, when the slip is 0 < 5  < 5 7 , the bond stress-slip curve 
showed a polynomial curve with excellent correlation (R  ^=1).  Aceording to Table 
4.21, the end slips at the maximum load in RCA50 series occurred between 0.86 mm 
and 2.74 mm account for 95 % of two standard deviations and also the coefficient of 
variation is 0.26 that is 26 % of dispersion of a probability distribution. Deviation of 
the slip at the maximum loading is little bit out of boundary but probability 
distribution is high. Therefore, it is sensible to use si is 1 mm and S2 is 2 mm. When 
the slip IS S2 < s < sj, the bond stress-slip curve can be defined as linear behaviour 
due to 96 % of reliability, and also when the slip is S3 < s < S4, the bond stress-slip 
curve can be defined as linear behaviour due to 16 % of reliability.
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Table 4.23 Predicted bond stress-slip models by CEB-FIP model code 90 and by 
modified bond stress-slip model of RCAOO series, and statistical mean bond stress- 
slip curve of RCA50 series.
CEB-FIP model Modified bond model based on RCAOO
Statistical mean curve 
ofRCA50
Si 1 mm 1 mm 1 mm
S2 3 mm 2 mm 2 mm
S3 9 mm 9 mm 9 mm
S4 ■ 18 mm 18 mm
a 0.4 0.4 0.4
f^ max 16.49 MPa 20.45 MPa 19.43 MPa
Hf 1 6.60 MPa 6.54 MPa 4.11 MPa
Pfl - 4.12 MPa 3.11 MPa
Table 4.23 was presented the predicted bond stress-slip model of RCA50 by CEB- 
FIP model code 90 (Comite Euro International du Beton 1992) and by the modified 
bond stress-slip model based on RCAOO series, and statistical mean bond stress-slip 
model of RCA50 series. The fluctuation of the bond stress when S3 < s < S4 in 
RCA50 series was monitored, however, this was not considered in the modified bond 
stress-slip model of 5 % of corroded ribbed bar so the fluctuation was converted to 
linear behaviour due to the usage and simplification of the model.
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Figure 4.21 Estimate and modified bond stress-slip model of RCA50 series.
Figure 4.21 shows the comparison data results of RCA50 series speeimen. The 
overall shape of the bond stress-slip curve is more like predicted model of RCAOO 
series (0 % corrosion), and predicted bond model by CEB-FIP model code 90 
(Comite Euro International du Beton 1992) was not adequate for the analysis due to 
18 % lower at the maximum bond stress and 40 % higher at the residual bond stress 
so corrosion analysis of the ribbed bar was conducted based on the modified bond 
model by RCAOO series. Statistical mean bond model of RCA50 series was 5 % 
lower at the maximum bond stress and 28 % lower at 9 mm slip and 32 % lower at 
18 mm slip at the residual bond stress than the modified bond stress-slip model based 
on the experimental test results of RCAOO series.
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Figure 4.22 Regression analysis of RCA 100 series speeimen based on Table 4.21.
According to Figure 4.22, when the slip is 0 < 5 < 5/, the bond stress-slip curve 
showed a polynomial curve with 99 % of reliability. According to Table 4.21, the end 
slips at the maximum load in RCA 100 series were occurred in between 1.12 mm and
2.2 mm account for 95 % of two standard deviations and also the eoefFieient of 
variation is 0.16 that is 16 % of dispersion of a probability distribution. Therefore, it 
is sensible to use si is 1 mm and S2 is 2 mm. When the slip is S2 < s < S3, the bond 
stress-slip curve can be defined as linear behaviour due to 99 % of reliability, and 
also when the slip is S3 < s < S4, the bond stress-slip curve can be defined as linear 
behaviour due to 95 % of reliability.
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Table 4.24 Predicted bond stress-slip models by CEB-FIP model code 90 and by 
modified bond stress-slip model of RCAGO series, and statistical mean bond stress- 
slip curve of RCA 100 series.
CEB-FIP model Modified bond model based on RCAOO
Statistical mean curve 
ofRCASO
S i 1 mm 1 mm 1 mm
S2 3 mm 2 mm 2 mm
S3 9 mm 9 mm 9 mm
S4 - 18 mm 18 mm
a 0.4 0.4 0.4
l^max 16.80 MPa 21.23 MPa 25.87 MPa
6.72 MPa 6.79 MPa 9.30 MPa
- 4.28 MPa 5.83 MPa
Table 4.24 presents the predicted bond stress-slip model of RCAIOO by CEB-FIP 
model code 90 (Comite Euro International du Beton 1992) and the modified bond 
stress-slip model based on RCAOO series, and statistical mean bond stress-slip model 
of RCAIOO series. The fluctuation of the bond stress when < 5- < 5’^  in RCAIOO 
series was monitored, however, this was not considered in the modified bond stress- 
slip model of 10 % of corroded ribbed bar so the fluctuation was converted to linear 
behaviour due to the usage and simplification of the model.
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Figure 4.23 Estimate and modified bond stress-slip model of RCAIOO series.
Figure 4.23 shows the comparison data results of RCAIOO series specimen. The 
overall shape of the bond stress-slip curve is more like predicted model of RCAOO 
series (0 % corrosion) and the predicted bond model by CEB-FIP model code 90 
(Comite Euro International du Beton 1992) was not adequate for the analysis due to 
54 % lower at the maximum bond stress and 38 % lower at the residual bond stress 
so corrosion analysis of the ribbed bar was conducted based on the modified bond 
model by RCAOO series. Statistical mean bond model of RCAIOO series was 22 % 
higher in maximum bond stress and 37 % lower at 9 mm slip and 36 % lower at 18 
mm slip in the residual bond stress than the modified bond stress-slip model from the 
experimental test results of RCAOO series.
As an overall result of corroded ribbed bar, the bond stress-slip models up to the 
target degrees of corrosion was built with fixed parameters of si is 1 mm, S2 is 2 mm, 
S3 is 9 mm, S4 is 18 mm, and a  is 0.4, presented in Table 4.25.
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Table 4.25 Parameters of the modified bond stress-slip model up to the target degrees 
of corrosion.
0 % corrosion 
(RCAOO series)
2.5 % corrosion 
(RCA25 series)
5 % corrosion 
(RCA50 series)
10 % corrosion 
(RCAIOO series)
f^ rnax 0.47^« 0.54/,„ 0.45/c„ 0.51 feu
0.32 fJmax 0.24 fJfnax 0.24 fJmax 0.36 fJfuax
m 0.63 ijf 0.59 iJf 0.66 juf 0.63 jUf
Table 4.26 Ratio of the bond stress-slip model up to the target degrees of corrosion 
on a validation basis of RCAOO series.
1 CEB-FIP 
1 Model code
0%
(RCAOO)
2.5 % 
(RCA25)
5%
(RCA50)
10%
(RCAIOO)
fAnax 0.91 1 1.15 0.95 1.21
Mf 0.41 0.32 0.27 0.23 0.44
m 0.41 0.20 0.16 0.15 0.27
Figure 4.24 shows the graphical comparison ratios of bond stress-slip models up to 
target degrees of corrosion on a validation basis of RCAOO series and its rations, 
presented Table 4.26.
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M odel by results o f  RCAIOO series 
M odel by results o f  RCA25 series 
M odel by results o f  RCAOO series
M odel by results o f  RCA50 series
Model by CEB-FIP m odel code
18
Slip (mm)
Figure 4.24 Graphical comparison ratios of predicted bond model and statistical 
mean curve of RCAOO, RCA25, RCA50, and RCAIOO.
The pull-out test results of the corroded ribbed bar was used to examine the influence 
of corrosion on the bond stress. According to Horrigmoe (2003), the local bond 
stress-slip model of corroded bar has same behaviour of uncorroded model so there 
is the constant reduction of the bond stress, see Section 2.5.6. However, the observed 
test result showed somewhat different. According to Table 3.5 and Figure 4.25, the 
reduction ratio of the bond stress up to target degrees of corrosion was not constant. 
The result at the 2.5 % degree of corrosion (pre-cracking stage) showed that the 
maximum bond stress was increased 15 % but the residual bond stress was decreased 
16 %. it can be explained that the rust produced caused an increase in the pressure 
between the reinforcement and concrete, and this pressure induced to increase the 
requirement of breaking load (maximum bond stress) for the pull-out of the bar, 
however, when the bonding was broken, this corrosion product works as a lubricant 
material so the residual bond stress reduced more than the uncorroded condition of 
the bar, see Section 2.5.7. At the 5 % degree of corrosion (cracking stage), both the 
maximum and residual bond stress showed decrease in 5 % and 28 %. This
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behaviour was expected because the internal pressure which enough to induce the 
longitudinal splitting of the surrounded concrete along the bar by volume expansion 
of corrosion products. At the 10 % degree of corrosion, both the maximum and 
residual bond stress were increased in 21 % and 38 % and this result was not 
expected because 10 % of target degree of corrosion (post-craeking strange) may 
cause further reduction of the bond stress than 5 %. This increased bond stress 
instead of reduction may be influenced by achieving low degree of corrosion than 
targeted.
1.4
1.2
0.8
0.6
0.4
0.2
0
0 2.5 5 7.5 12.510
Degree of corrosion 
♦ Maximum bond stress ■ Residual bond stress
Figure 4.25 Reduction ration of the bond stress with degree of corrosion at the first
experimental test series.
According to visual inspection of the corroded bars, it was observed that the 
corroded ribbed bars at 10 % degree of corrosion in Figure 4.26 (g), (h), and (i) 
achieved less than 5 % degree of corrosion in Figure 4.26 (d), (e), and (f). 
Furthermore, the corrosion was observed on the unbonded part of the bar and it may
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cause to achieve the lower than target degrees of corrosion. In the future work it 
might be required to achieve the target degrees of corrosion as planed.
(a) 
RCA25-01
(b) 
RCA25-02
(c)
RCA25-03
(d) 
RCA50-01
(e)
RCA50-02
(f)
RCA50-03
(g)
RCA 100-01
(h) &
RCA 100-02
(i)
RCA 100-03 
F
y
/r
\  “"A.v
■ V/. .....
80 mm  o f  embedment length 160 mm  o f  the free length o f  the bar
Figure 4.26 Visual inspection of corroded ribbed bars at the first pulled-out 
experimental test series (RCA25, RCA50, and RCAIOO series specimen).
4.2.6 Conclusions of the First Experimental Test Series
The first pull-out experimental test was conducted to examine the bond stress 
behaviour of steel bars in concrete under the displacement control, to assess the
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effect of corrosion on the bond behaviour, and to understand the bond stress 
behaviour of the bars in concrete.
The conclusion of the first experimental test results was as follows;
(1) The bond stress-slip model of plain bars was modified based on the first 
experimental test series due to the different post-peak behaviour and more than 30 % 
different from CEB-FIP model code 90.
(2) The observed strain distribution of the plain bar showed previously unreported 
behaviour at the maximum and residual bond stress and the strain reading data was 
can not trusted due to the validation of strain data at unbonded region.
(3) Bond stress-slip model of uncorroded ribbed bars was modified based on the first 
experimental test because the fluctuation behaviour of the bond stress-slip and the 
suggested bond stress-slip model by CEB-FIP model code 90 was not adequate to 
explain this fluctuation.
(4) The observed strain distribution of the uncorroded deformed bar showed 
unexpected behaviour which is not similar in form of the stress distribution along the 
bar at the maximum and residual bond stress.
(5) The fluctuation behaviour of the bond stress-slip was also observed at the target 
degrees of corrosion.
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(6) The influence of the degree of corrosion on the bond stress was not easy defined 
because the target degrees of corrosion were not achieved.
As overall results, the fluctuation behaviour of the bond stress-slip was observed in 
uncorroded and corroded condition and this unexpected behaviour was not yet 
reported. Therefore, this unexpected fluctuation behaviour will be verified at the 
subsequent experimental test.
4.2.7 Further Tasks
From the first pull-out experimental test series, four problems were addressed, two in 
the accelerated corrosion control and two in the usage of ER strain gauges. Therefore, 
these problems were addressed and modified the test method to overcome these 
experimental problems. Firstly, lower degree of corrosion than targeted was occurred. 
Secondly, localised corrosion on the embedded bar and also unbonded part of the bar 
was occurred. Thirdly, losing connectivity of the strain gauge during the preparation 
of the speeimen was oecurred. Finally, losing connectivity of the strain gauges was 
caused by damaging the wires and wire/gauge connection during the test.
In this cireumstance, further works are required to fulfil the study about the bond 
stress-slip behaviour of deformed bar under displacement control in the uncorroded 
and corroded condition as follows;
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4.2.7.1 Verification of the fluctuation behaviour of the bond stress with slip
For the verification of the fluctuation behaviour of the bond stress with slip, the 
second experimental test will be conducted to monitor the global bond stress-slip by 
LVDT’s and local strain measured by ER strain gauges in uncorroded and corroded 
condition.
Bond stress-slip model
The first experimental test was conducted based on CEB-FIP model code 90 (Comite 
Euro International du Beton 1992) and the modified bond stress-slip model was built 
due to inadequate model. At the second experimental test, bond model by FIB Task 
Group Bond Models (FIB Task Group 2000) will be considered to find out adequate 
bond stress-slip model through statistical and regression analysis.
Modification of the embedded bar
Modification of the embedded bar will be applied to prevent losing connectivity of 
the installed strain gauges during the test by damaging the wires and wire/gauge 
connection, and to avoid the direct friction on the strain gauges that caused higher 
reading than expected. The cross-section of the deformed bar will be cut in small 
square section from surface along the bar to install strain gauges and wire inside of 
this groove and sealed by silicon. This application will cause to lose one side of 
longitudinal rib and to reduce the cross-sectional area so its influence on the bond 
stress must be considered.
173
Chapter 4___________________________________________Results and Discussion
Corrosion occurred on the whole surface of the bar
Corrosion also occurred on the whole surface of the bar at the first experimental test 
after the application of the accelerated corrosion method, of course, the bonded 
region had a highest degree of corrosion observed visually than other part and the 
free length of the bar also had a higher than the rest of the part. This may cause to 
achieve lower degree of corrosion than targeted.
All specimens at 0 %, 2.5 %, and 5 % degrees of corrosion will be prepared and 
tested at same day due to minimising material variabilities, such as, concrete cube 
strength and stiffness.
Avoiding local corrosion
Local corrosion occurred in embedded section and this may be caused by spreading 
corrosion current density over the whole bar. Applied (maximum) corrosion current 
density {Icorr,mœè based on embedment surface was enough to achieve the target 
degree of corrosion theoretically but actual (minimum) corrosion current density 
{Icorr,mii^  would be lower due to applied electron will not be concentrated in targeted 
area only so electron will be spread on the whole steel bar and this may cause 
achieving lower degree of corrosion and occurred local corrosion on the embedment 
region. Therefore, coating will be applied on the bar expect embedment surface to 
prevent corrosion at the unwanted area. To achieve the designed degree of corrosion, 
all the surface of the bar except embedment surface must be coated by bitumen paint 
and covered by heat sleeve to prevent any corrosion process during the application of 
accelerated corrosion method.
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Application of high corrosion rate may cause thermal effects, such as, thermal stress, 
local corrosion, and drying concrete cube around embedment. Therefore, reducing 
high corrosion rate is required at the second experimental test. A high corrosion rate 
in the nature is 1 juA/cm^ and accelerated corrosion method are generally limited to 
use about 100 jjA/cm of corrosion rate (which is about a 100 times of boost) to 
avoid thermal effects, see Section 2.4.5.
4.2.7.2 Development of strain distribution along the bar
According to the first experimental test, development of strain distribution showed 
unexpected behaviour at the end of the test. Modified cross-section will help to avoid 
direct friction on the strain gauge, damaging strain gauge, and losing connectivity.
4.3 SECOND EXPERIMENTAL TEST SERIES
The aim of the second pull-out experimental test was to verify the fluctuation of the 
bond stress behaviour by the independent verification method. The first experimental 
test series was modified to ensure accomplishment of the target degree of corrosion 
and to ensure keeping connectivity of the strain gauge during the slipping of the 
embedded steel bar, see Section 3.3.3.
The estimated bond stress-slip model for the first experimental test series was based 
on CEB-FIP model code 90 (Comite Euro International du Beton 1992), however, at 
the second experimental test series, predicted bond stress-slip model of ribbed bar by 
FIP Task Group Bond Models (FIB Task Group 2000) in confined and good bond
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conditions of normal-strength concrete, see Section 2.4.2.4, and modified bond 
stress-slip model from the first experimental test results were used instead of CEB- 
FIP model code 90 (Comite Euro International du Beton 1992).
Table 4.27 Test specimen properties and conditions of uncorroded ribbed bar for the 
second experimental test series with five strain gauges installed.
Specimen Degree of corrosion Age
Mean cube 
strength (MPa)
Stiffness
(GPa)
Installed 
strain gauges
RCB6-01
RCB6-02
RCB6-03
0% 28 days 44.4 ±1.5 33.9
SGI, SG2, 
SG3, SG4, 
SG5RCB6-04
RCB6-05
RCB6-06
Six specimens with bars in the uncorroded condition were prepared for the second 
pull-out experimental test series, three samples were not considered enough due to 
the risk of losing connectivity of the strain gauge and Table 4.27 presented test 
specimen properties and conditions of RCB6 series specimen. According to BS 5400 
Part 4 (1990), the measured stiffness of the concrete is within the range of stiffness 
expected for the given strength grade. The mean 28 days cube strength for the RCB6 
series was acceptable, see Appendix B.
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Table 4.28 Test specimen properties and conditions of corroded ribbed for the second 
experimental test series with two strain gauges installed.
Specimen Degree of corrosion Age
Mean cube 
strength {MPa)
Stiffness
(Gfa)
Installed 
strain gauges
RGBOO-01
RCBOO-02 0 % 3 months 49.2 ± 0.7 35.0 SG4, SG5
RCBOO-03
RCB25-01
RCB25-02 3 months 49.2 ± 0.7 35.0 SG4, SG5
RCB25-03
RCB50-01
RCB50-02 5% 3 months 49.2 ± 0.7 35.0 SG4, SG5
RCB50-03
Table 4.28 shows the properties and conditions of corroded and uncorroded ribbed 
and test specimens were casted and tested at same day due to reducing independent 
factors for the comparison (mean cube strength and stiffness of the concrete). For the 
corroded specimen at the second experimental test series, RCBOO series at 0 % 
degree of corrosion, RCB25 series at 2.5 % degree of corrosion, and RCB50 series at 
5 % degree of corrosion were used. According to BS 5400 Part 4 (1990), the 
measured stiffness of the concrete tested are within the range of stiffness expected 
for the given strength grade. The mean cube strength demonstrated that the 28-day 
values was similar to the values achieved from the two trial mixes. Tables 3.2 and 
3.3, see Appendix B.
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4.3.1 Bond Stress-Slip Relationship of Uncorroded Ribbed Bars
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Figure 4.27 Graphical representation of test results of bond stress-slip of RCB6
series specimen.
The bond stress-slip relationship of the six samples tested of RCB6 series is 
presented as shown in Figure 4.27. The observed bond stress slip behaviour up to the 
peak stress is consistent with that observed previously. The average peak bond stress 
was 19.79 MPa with a standard deviation of 1.83 MPa and a coefficient of variation 
= 0.09 demonstrating good reproducibility that is similar to that of other workers. 
More importantly, examination of the data shows that all of the tests demonstrate a 
clear, consistent, and apparently reproducible fluctuation of the bond stress as a
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function of the total slip measured globally using the LVDT’s. It can be seen that 
there is a very close correlation between the measured end slip (LVDTl) and the top 
slip (LVDT2 and LVDT3) including compensation for the deformations of the steel 
(ôs) and the concrete cube (ôc) at the top slip. The fluctuation behaviour will be 
verified by local strain changes on the steel bar in Section 4.3.3.
Table 4.29 Predicted bond stress-slip models of RCB6 series at the cube strength of 
44.4 MPa at the second experimental test.
Bond model by 
CEB-FIP model code 90 
(Table 2.2)
Bond model by
FIB Task Group Bond 
Models (Table 2.3)
Modified bond model 
from first experimental 
test (Table 4.14)
Si 1 Si 1 Si 1
S2 3 S2 3 S2 3
S3 9 S3 9 S3 9
- - S4 27 S4 18
P m ax^  2 . 5 16.66 P m a x ~  0 . 5 ‘^ ^m 23.98 P m a x ~  0.47/^ M 20.87
P f =  0.4 Pmax 6.66 P f =  0.4 Pmax 9.59 P f ~  0.32 Pmax 6.68
- - - - P fi  = 0.63 p f 4.21
* Slip {si, S2, S3, and S4) is in mm unit, bond stress (jUmax, Pf, and pfi) is in MPa unit, 
and clear rib spacing is 9 mm.
According to Table 4.29 and Figure 4.28, modified bond stress-slip model from the 
first experimental test is 25 % higher at the maximum bond than bond model by 
CEB-FIP model code 90 (Comite Euro International du Beton 1992), and 15 % 
lower at the maximum bond stress and 44 % lower at the residual bond stress than 
bond model by FIP Task Group bond models (FIB Task Group 2000). Also the 
gradual reduction of the residual bond stress with slip was not considered in CEB- 
FIP model code 90. Statistical results of RCB6 series in Table 4.30 showed within
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5 % of deviation of the modified bond model from the first experimental test series. 
Therefore, the bond model by CEB-FIP model code 90 (Comite Euro International 
du Beton 1992) was not considered in the second experimental test series.
^ Bond model by 
^ ^ F I P  Task Group Bond Models
Modified bond model 
from first experimental test
Bond model by 
!./  CEB-FIP model code 90
30
S lip  (m m )
— R C B 6-01 — R C B 6-02  — R C B 6-03  ^ R C B 6 - 0 4  ^ R C B 6 - 0 5  — R C B 6 -0 6
Figure 4.28 Predicted bond stress-slip models at 44.4 MPa concrete cube strength 
and bond stress-end slip results of RCB6 series.
By combining the data. Figure 4.28, it can be seen that each curve shows an initial 
peak (PI), representing the maximum bond stress, followed by two subsequent peaks 
(P2 and P3) in the bond stress that occur at approximately 12 ± 1 mm and 22 ± 1 mm 
of slip. The bond stress slip relationship predicted using the bond model code 
(Huang, Engstrom et al. 1996; FIB Task Group 2000) is shown for comparison and it 
can be seen that there is a general agreement with the experimental values but the 
model fails to predict the true behaviour. According to the theoretical bond stress-slip 
model by FIB Task Group Bond Models the residual bond stress has a constant 
degree of reduction reaching zero once the total slip reaches 3 times the rib spacing.
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it would appear from the test results that the actual behaviour of a ribbed bar 
undergoing pull out is more complicated. The observed variation appears to have a 
cycle “wavelength” of ~ 9 mm, which is similar to the rib spacing as shown in Figure 
4,29. Generally there are about 8 transverse ribs in the bonded length and the actual 
rib pattern repeat cycle is about 10.80 mm and clear rib spacing is 8.87 mm. From 
this it is clear that the bond stress fluctuates cyclically as the bar moves (slips) 
through previously damaged concrete. This results in a series of minimum and 
maximum values.
A B
r  r
(a)
80 (Embedment length) L L
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2.25
16.14
18.56
(c)
9.02
1.10.80 J [. 1.93
(e)
Figure 4.29 Modified dimensions of the 16 mm ribbed bar; (a) Picture of plan view 
after the square cutting for the strain gauges, (b) simplified drawing of the plan view, 
(e) Cross-section of section A-A, (d) Cross-section of section B-B, (e) Transverse rib
size and pattern, (in mm).
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Figure 4.29 shows the part of a modified ribbed bar for the second experimental test 
of RBC6 series installed five strain gauges, see Section 3.3.3, three in bonded region 
and two in unbonded region. Longitudinal rib and square cutting area, 3.2x4 mm, in 
Figure 4.29 (c) in the length of 110 mm was removed for installing four strain gauges 
(SGI, SG2, SG3, and SG4) and connected wires inside and sealed by silicon to 
prevent ingress of the concrete mixture and loosing connectivity of the installed 
strain gauges due to slipping. The transverse rib pattern shows in Figure 4.29 (e). 
Generally there are abut 8 transverse ribs in the bonded length and actual cycle is 
about 10.80 mm.
Base surface of specimen
(a)
First rib mark from\ Third rib mark from
the base surface \  the base surface
Second rib mark from 
the base surface
(b)
Figure 4.30 Remained marks of mechanical bearings in the tested concrete speeimen; 
(a) RCBO-02 specimen, (b) RCBO-01 specimen, and (c) RCBO-03 speeimen.
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Figure 4.30 shows the rib marks on the concrete surface that surrounded the 
embedment part of the steel bar within the specimen. The rib marks are reduced from 
first to third due to breaking of mechanical bearing in second and third times 
presented in P2 and P3. This evidence suggests that the initial pull-out of the bar 
between ribs did not result in complete failure of the concrete.
Table 4.30 Statistical test results of RCB6 series.
Specimen Maximum load {kN)
Maximum 
bond stress 
{MPa)
End slip at 
maximum 
load {mm)
Bond stress 
at 9 mm
Bond stress 
at 18 mm
RCB6-01 83.71 20.82 1.86 7.29 3.75
RCB6-02 89.67 22.30 1.76 6.91 4.46
RCB6-03 79.42 19.75 2.10 6.78 4.29
RCB6-04 65.45 16.28 1.97 5.12 3.00
RCB6-05 77.87 19.36 1.32 6.19 329
RCB6-06 81.23 20.20 1.66 7.11 3.74
Mean 79.56 19.79 1.78 6.57 3.76
S.D.* 1.83 0.25 0.73 0.51
CoV* 0.09 0.14 0.11 0.14
(* S.D. = standard deviation, * CoV = coefficient of variation)
Table 4.30 showed the analytical calculation of the RCB6 series and bond stresses 
were measured at 9 mm (clear rib spacing) of the slip and at 18 mm (2 times of clear 
rib spacing) of the slip to monitor the bond stress behaviour. The test results of 
RCB6 series does not considered to build the bond stress-slip model due to minimize 
influence of the modified cross-section in embedment (one side of longitudinal rib 
was removed due to installing strain gauges).
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The Poisson effect on the test specimen was considered in the analysis. As noted 
previously, Section 4.2.3, the highest loading observed at the RCB6 series did not 
exceeded the elastic limit of the ribbed bar during the test. Therefore, only the elastic 
extension of the ribbed bar was considered in the determination of the top slip for the 
RCCOO, RCC25, and RCC50 series.
It is useful to compare the predicted values of bond stress as a function of slip using 
the model code (FIB Task Group 2000), Table 4.29 with those obtained 
experimentally and Table 4.30. According to Table 4.29, the predicted bond stress- 
slip model of RCB6 series by modified bond model at the first experimental test 
series showed 13 % lower at the maximum bond stress (19.79 MPa vs. 23.98 MPa) 
and 30 % lower at the residual bond stress (6.57 MPa vs. 9.59 MPa) than the bond 
model by FIP Task Group bond models (FIB Task Group 2000), and 25 % higher at 
the maximum bond stress (19.79 MPa vs. 16.66 MPa) and 0.3 % higher at the 
residual bond stress (6.57 MPa vs. 6.66 MPa) than the bond model by CEB-FIP 
model code 90 (Comite Euro International du Beton 1992). However, the statistical 
mean values of RCB6 series is 5 % lower at the maximum bond stress (19.79 MPa 
vs. 20.87 MPa) and 1.4 % lower at the residual bond stress (6.57 MPa vs. 6.68 MPa) 
than the modified bond stress-slip model at the first experimental test series, and the 
mean value of the end slip was 1.78 mm that is between 1 mm to 2 mm of slip. The 
model predicts that the bond stress will fall to zero at 27 mm slip which is not 
reflected in the experimental data. Modified bar eross-section must be considered to 
reduce the bond stress at the results of RCB6 series. Therefore, the modified bond 
stress-slip model is more adequate for the 16 mm ribbed bar in confined and good 
bond condition.
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Table 4.31 Minimum values of bond stress with slip between PI -  P2 and P2 -  P3.
Between PI and P2 Between P2 and P3
Specimen
Minimum 
bond stress 
{MPa)
Slip {mm)
Minimum 
bond stress 
{MPa)
Slip {mm)
RCB6-01 7.21 10.23 3.72 18.48
RCB6-02 6.74 8.34 4.42 18.36
RCB6-03 6.73 9.36 4.26 17.94
RCB6-04 5.04 9.42 2.85 21.27
RCB6-05 6.02 10.45 3.09 20.60
RCB6-06 7.07 8.53 3.64 18.44
mean 6.47 9.39 3.66 19.18
S.D.* 0.74 0.78 0.57 1.27
CoV* 0.11 0.08 0.15 0.07
(* S.D. = standard deviation, * CoV = coefficient of variation)
Table 4.31 shows the minimum values of bond stress (and the value of slip at which 
it occurs) between P 1 -P 2  and P2 - P3. Both the bond stress and slip values show 
good correlation between the six samples tested confirming that the observed 
minimum bond stress is both consistent and reproducible. It is interesting to observe 
that the average slip distance between the observed minimum value of measured 
bond stress occurs after (19.18 -  9.39) = 9.79 mm. This value is very similar to the 
rib spacing.
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Figure 4.31 Modes of bond failure (a) Pull-out, and (b) Pull-out with partial splitting 
(Cairns 1992; FIB Task Group 2000).
Figure 4.31 (a) shows the failure mode assumed by the model code and requires a 
shear failure to pass through the concrete at the level of the tip of the ribs on the steel 
bar. In such a case it is logical that the bond stress will show a steady decrease with 
slip. In contrast, when the concrete strength is high enough splitting-induced pull-out 
can occur that is accompanied by shearing in the concrete below the transverse ribs. 
Figure 4.31 (b), see Section 2.4.1.3. In such a case the ribs must subsequently pass 
through concrete that has not failed leading to an increase in the measured bond 
stress. Similarly, subsequent slip of the bar must involve the ribs moving through 
damaged, but constrained, concrete that can jam against the rib and the surrounding 
concrete. This provides a possible explanation for the observed behaviour seen in 
Figure 4.27.
It must be remembered that one of the reasons that it is possible to observe this 
fluctuation of the bond stress is that the test was conducted under displacement 
control. This increases the measurement sensitivity and allows the on going failure
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processes to be monitored in a manner not possible when using a traditional load 
control arrangement as used in the model code. Displacement control tends to be 
more stable than load control. In the pull-out experimental tests, the driving load 
actually decreases with slip growth in displacement control. If the pull-out test is 
load controlled, then initial failure is sudden, causing shock to the steel/eoncrete 
interface and subsequent loss of accuracy of the measured load and displacement. In 
displacement control, however, the pull-out speeimen is stable because the driving 
load decreases with slip growth (Anderson 1995).
According to the test results of RCB6 series, removed longitudinal rib in one side of 
the bar is not an influenced factor to produce the fluctuation of the bond stress-slip 
curve. In this series (RCB6) of tests without longitudinal ribs in embedment, the 
fluctuation was clearly monitored and in the previous tests (RCAOO, RCA25, RCA50, 
and RCAIOO series) with longitudinal rib in the embedment the fluctuation was also 
monitored. Furthermore, the bond stress-slip model between proposed model from 
RCAOO series and test result of RCB6 series was matched within 5 % of variation.
The fluctuation behaviour of the bond stress with slip was monitored at the first and 
second experimental test. The loading rate was under 2 mm/min (« 0.5 kN/sec) at the 
first experimental test series, see Section 3.3.2.2, and under 1 mm/min (» 0.15 
kN/sec) at the second experimental test series, see Section 3.3.3.4. It is no doubt that 
the loading rate influences on monitoring bond stress-slip behaviour but the 
displacement control may influence less than loading control.
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Figure 4.32 Contribution of adhesion, mechanical bearing, and friction in bond 
stress-slip; (a) under the load control, (b) under the displacement control.
Load control has a limitation to monitor the debonding behaviour once mechanical 
bearing is lost. As shown in Figure 4.32, the loss of adhesion is accompanied by a 
low bond stress without occurring any relative displacement (or slip) and mechanical 
bearing takes precedent up to the maximum bond stress which then reduces 
dramatically due to remaining friction effects. However, under displacement control 
the fluctuation of the bond stress can be monitored in more detail. There is evidence 
of remaining mechanical bearing that causes the observed fluctuation in bond stress. 
This is one of the main advantages to use the displacement control instead of load 
control.
4.3.2 Strain Development of Uneorroded Ribbed Bars
Five ER strain gauges were installed on the bar per specimen in RGB6 series for the 
second pull-out experimental test series to monitor the development of longitudinal 
strain distribution along the bar, see Section 3.3.3. It was assumed that one additional 
reading point was added at the free end of the bar (at 0 mm on the bar in Figure 3.22) 
and reading of this point is always zero. Additionally a vertical line at 80 mm was
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drawn at eaeh graphical figure as a boundary line between bonded region (0 to 80 
mm) and unbonded region (80 to 200 mm).
Table 4.32 shows the connectivity of the installed strain gauges on the surface of the 
bar in the RCB6 series specimen and 23 % of installed strain gauges (7 out of 30) 
were lost connectivity. It is obvious that surface mounted gauges are prone to lose 
connectivity during the casting (17 % at the first experimental test and 23 % at the 
second experimental test). Therefore, doubling the number of specimens was 
reasonable choice at the second experimental to examine the development of strain 
distribution along the bar. Test results of RCB6-02 specimen is the most reliable data 
source due to full connectivity of the installed strain gauge so this result was 
analysed representatively and the rest of results, except RCB6-03 due to 60 % lost 
connectivity of installed strain gauges, were presented as reference.
Table 4.32 Connectivity of the strain gauge in the RCB6 series speeimen.
Specimen
Strain gauges
SGI SG2 SG3 SG4 SG5
RCB6-01 0 0 0 X 0
RCB6-02 0 O O O O
RCB6-03 0 O X X X
RCB6-04 0 O 0 X O
RCB6-05 X 0 0 O o
RCB6-06 0 0 o 0 X
(O: Connectivity is fine, x: Lost connectivity after casting)
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For the graphical presentation and statistical analysis of RCB6 series, development 
of the strain development along the bar can be monitored at 6 loading (bond stress) 
cases;
(1) at a half of maximum loading,
(2) at the maximum loading,
(3) at the middle of between the maximum and the residual bond stress,
(4) at the residual bond stress,
(5) at the middle of the first fluctuation cycle of the residual bond stress, and
(6) at the end of first fluctuation cycle of the residual bond stress as shown in Figure 
4.33.
 ►
Slip (mm)
Figure 4.33 Loading cases for the development of the strain distribution along the 
bar related with observed bond stress-slip of RCB6 series.
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Table 4.33 Strain distribution of RCB6-02 specimen at the loading cases along the 
bar.
Loading Bondstress
{MPa)
End
slip
{mm)
Strain at SG locations (pstrain)
8.5 mm 
(SGI)
40 mm 
(SG2)
71.5 mm 
(SG3)
88.5 mm 
(SG4)
180 mm 
(SG5)
(1)45.37 11.28 0.32 215 836 1360 1383 1262
(2) 89.67 22.30 1.76 477 1533 3214 3135 21533
(3) 42.07 10.46 5.87 49 915 1796 1735 1117
(4) 27.80 6.91 9.05 -65 877 1380 1307 715
(5) 32.91 8.18 14.13 -1414 1008 1486 1427 838
(6) 17.92 4.46 18.03 -357763 639 1064 1010 428
According to Table 4.33, SGI readings showed negative values at the loading case of
(4), (5), and (6). The arrangement of the strain gauge on the bar at the second 
experimental test series was not designed to compensate bending behaviour like the 
first experimental test series, see Section 4.2.4. There are possibilities to have a 
reading of strain gauges in negative value at the end of the test because the 
experimental test was carried out under the displacement control technique. After 
passing the maximum bond stress point, the bar will recover back its elastic 
extension and shortened than original length of the steel bar due to holding by the 
concrete, but it will overcome soon following by increase slipping and the value 
must be small. However, the negative reading at the loading case (6) was exceeded 
the reading at SG4 because there is not load transfer in the unbonded region also 
exceeded the tolerance of the ER strain gauge reading range. According to VISHAY 
Tech Note TN-505 (VISHAY Micro-Measurements 2007), the applied strain gauge 
(CEA 125UN) has a range of ± 50,000 miero-strain for the stress analysis purpose in 
the moderate accuracy (range of 2 to 5 %), and a minimum strain reading at the 
loading ease (6) was -357,763 that is not covered allowed range. As a result, the
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negative readings at the loading cases (4), (5), and (6) were not correct, therefore, 
these negative readings are not appropriate to use in the analysis.
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Figure 4.34 Development of strain along the bar of RCB6-02 specimen up to loading
cases.
According to Figure 4.34, the development of strain distribution along the bar of 
RCB6-02 shows the expected typical behaviour of the bar stress distribution 
behaviour, see Section 2.4.1.5. Strain readings at SG4 and SG5 should have been 
similar in form but different in the absolute value of strain and readings at SG5 were 
lower than at SG4 due to the modification of bar eross-section differently. At any 
loading eases the strain distribution along the bar was similar in form but different in
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the absolute value of strain so the modification method was considered to be 
working properly.
For the validation of the strain reading data, it is required not only to check that 
observed readings of installed strain gauges were under the operational range of 
strain but also to check that the observed and predicted strain readings at SG4 and 
SG5 location showed in the acceptable deviation.
As noted previously, Section 4.2.2, the strain observed at the RGB6-02 specimen is 
in the stated operational range of the installed strain gauges during the experimental 
test.
The predicted strain value was calculated by equation 4.6 and applied area of bar 
cross-section was considered to reduce 8.7 % at SG4 and 3.4 % at SG5 due to the 
modification of the bar eross-section to installing strain gauges, see Section 3.3.3, 
presented in Table 4.34.
Table 4.34 Observed and predicted strain readings of RCB6-02 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
Observed (pstrain) Predicted (pstrain)
Strain 
at SG4
Strain 
at SG5
8.7 % loss 
atSG4
3.4 % loss 
at SG5
(1) 45.37 1383 1262 1233 1169
(2) 89.67 3135 2533 2437 2311
(3) 42.07 1735 1117 1143 1084
(4) 27.80 1307 715 755 716
(5) 32.91 1427 838 894 848
(6) 17.92 1010 428 487 462
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According to Table 4.34, the observed strains up to loading eases usually showed 
higher than the predicted strains but both readings at SG4 and SG5 showed similar in 
form of the strain distribution along the bar but different in the absolute value of 
strain. It must be considered that the inconstant cross-section of the ribbed bar due to 
transverse rib pattern induces the deviation of the readings. The observed readings at 
SG4 had a lower deviation than readings at SG5 and it can be explained that the SG4 
location is closed to the interface between the bonded and unbonded so the load 
concentration was occurred. This also explains that the reading at SG3 was higher 
than readings at SG4 from the maximum loadings (2).
Table 4.35 Strain distribution of RCB6-01 specimen up to loading eases along the 
bar.
Loading Bondstress
{MPa)
End
slip
{mm)
Strain at SG locations (pstrain)
8.5 mm 
(SGI)
40 mm 
(SG2)
71.5 mm 
(SG3)
88.5 mm 
(SG4)
180 mm 
(SG5)
(1)41.35 10.28 0.22 212 711 1178 - 1267
(2) 83.71 20.82 1.86 457 1236 2557 - 2520
(3) 55.98 13.92 5.27 352 1027 1732 - 1667
(4) 29.32 7.29 9.01 165 627 972 ■ - 892
(5) 30.39 7.56 12.40 123 606 1069 - 950
(6) 15.08 3.75 18.06 94 389 580 - 496
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Table 4.36 Observed and predicted strain readings of RCB6-01 at SG4 and SG5 
locations with considered loss of bar cross-seetion.
Loading
Observed (pstrain) Predicted (pstrain)
Strain
atSG4
Strain 
at SG5
8.7 % loss 
atSG4
3.4 % loss 
at SG5
(1) 41.35 - 1267 1066
(2) 83.71 - 2520 - 2157
(3) 55.98 - 1667 - 1443
(4) 29.32 - 892 - 756
(5) 30.39 - 950 783
(6) 15.08 - 496 - 389
Table 4.35 shows the SG readings of RBC6-01 specimen up to the considered 
loading eases. SG4 reading was not monitored due to lost connectivity. Observed and 
predicted strain readings at SG5 showed similar in form of the strain distribution 
along the bar and the deviation was nearly constant, Table 4.36. The development of 
strain distribution along the bar of RCB6-01 showed predicted behaviour as shown 
in Figure 4.35.
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Figure 4.35 Development of strain along the bar of RCB6-01 specimen up to loading
eases.
Table 4.37 shows the SG readings of RCB6-04 specimen up to the considered 
loading cases. SG4 reading was not monitored due to lost connectivity. Observed 
strain readings at SG5 were monitored high negative values and even positive values 
showed different in form than predicted strain distribution in Table 4.38 and in 
Figure 4.36 (a) and (b). Therefore, SG5 readings of RCB6-01 were not adequate to 
used. However, strain readings at SGI, SG2, and SG3 showed the predicted profile 
of strain distribution along the bar.
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Table 4.37 Strain distribution of RCB6-04 specimen up to loading eases along the 
bar.
Loading Bondstress
{MPa)
End
slip
{mm)
Strain at SG locations (pstrain)
8.5 mm 
(SGI)
40 mm 
(SG2)
71.5 mm 
(SG3)
88.5 mm 
(SG4)
180 mm 
(SG5)
(1) 32.28 8.03 0.27 89 396 846 - 3257
(2) 65.45 16.28 1.97 302 1025 1781 - 133
(3) 42.23 10.51 4.98 194 645 1211 - -2636
(4)20.61 5.12 9.02 88 390 625 - -3451
(5) 20.88 5.19 12.34 86 402 661 - -3422
(6) 12.07 3.00 18.02 64 259 424 - -3593
Table 4.38 Observed and predicted strain readings of RCB6-04 at SG4 and SG5 
locations with considered loss of bar eross-seetion
Loading
(AAO
Observed (pstrain) Predicted (pstrain)
Strain
atSG4
Strain 
at SG5
8.7 % loss 
atSG4
3.4 % loss 
at SG5
(1) 32.28 - 3257 - 832
(2) 65.45 - 133 ■ 1687
(3) 42.23 - -2636 - 1088
(4) 20.61 - -3451 - 531
(5) 20.88 - -3422 - 538
(6) 12.07 - -3593 - 311
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Figure 4.36 Development of strain along the bar of RCB6-04 specimen up to loading
cases.
Table 4.39 Strain distribution of RCB6-05 specimen up to loading eases along the 
bar.
Loading
( W
Bond
stress
(MPa)
End
slip
{mm)
Strain at SG locations (pstrain)
8.5 mm 
(SGI)
40 mm 
(SG2)
71.5 mm 
(SG3)
88.5 mm 
(SG4)
180 mm 
(SG5)
(1)38.78 9.64 0.26 - 549 956 1129 1096
(2) 77.87 19.36 1.32 - 1185 1957 2265 2224
(3)51.12 12.71 4.33 - 908 1235 1451 1421
(4) 24.91 6.19 9.06 - 447 584 695 686
(5) 24.93 6.20 11.62 - 486 542 658 674
(6) 13.22 329 18.01 - 277 303 369 362
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Table 4.40 Observed and predicted strain readings of RCB6-05 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
Observed (pstrain) Predicted (justrain)
Strain
atSG4
Strain 
at SG5
8.7 % loss 
at SG4
3.4 % loss 
at SG5
(1) 38.78 1129 1096 1054 999
(2) 77.87 2265 2224 ' 2116 2007
(3) 51.12 1451 1421 1389 . 1318
(4) 24.91 695 686 677 642
(5) 24.93 658 674 677 643
(6) 13.22 369 362 359 341
Table 4.39 shows the SG readings of RBC6-05 specimen up to the considered 
loading eases. Observed and predicted strain readings at SG4 and SG5 showed 
similar in form but different in the absolute value of strain and the deviation was 
nearly constant in Table 4.40. The development of strain distribution along the bar of 
RCB6-05 showed the predicted behaviour as shown in Figure 4.37.
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Figure 4.37 Development of strain along the bar of RCB6-05 specimen up to loading
cases.
Table 4.41 Strain distribution of RCB6-06 specimen up to loading cases along the 
bar
Loading Bondstress
(MPa)
End
slip
{mm)
Strain at SG locations (jiistrain)
8.5 mm 
(SGI)
40 mm 
(SG2)
71.5 mm 
(SG3)
88.5 mm 
(SG4)
180 mm 
(SG5)
(1)40.43 10.05 0.18 139 594 1022 1239 -
C0 8L23 20.20 1.66 307 1329 2560 2424 -
(3)55.13 13.71 4.78 204 1088 1834 1644 -
(4) 28.58 7.11 9.01 204 593 1031 815 -
(5) 28.79 7.16 10.26 284 590 1056 831 -
(6) 15.06 3.74 18.00 180 403 651 412 -
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Table 4.42 Observed and predicted strain readings of RCB6-06 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
Observed (pstrain) Predicted (pstrain)
Strain 
at SG4
Strain 
at SG5
8.7 % loss 
atSG4
3.4 % loss 
at SG5
(1) 40.43 1239 - 1099 -
(2) 81.23 2424 - 2207 -
(3) 55.13 1644 - 1498 -
(4) 28.58 815 - 777 -
(5) 28.79 831 - 782 -
(6) 15.06 412 - 409 -
Table 4.41 shows the SG readings of RBC6-06 specimen up to the considered 
loading cases. Observed and predicted strain readings at SG4 showed similar in form 
of the strain distribution along the bar and the deviation was nearly constant in Table 
4.42. The development of strain distribution along the bar of RCB6-06 showed the 
predicted behaviour as shown in Figure 4.38.
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Figure 4.38 Development of strain along the bar of RCB6-06 specimen up to loading
cases.
At the first experimental test series, the development of strain distribution along the 
bar of RDY series had a different profile and the validation of data by calculation of 
predicted strain, see Section 4.2.4. However, at the second experimental test of 
RGB6 series, the observed profile of the strain distribution along the bar showed 
more like the stress distribution along the bar predicted in Figure 2.11 (b). Therefore, 
it would appear that the modification of the bar cross-section to mount gauges in the 
groove was an adequate to examine the development of the stain distribution along 
the bar at the second experimental test of uncorroded ribbed bars.
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4.3.3 Independent Verification of the Bond Stress Fluctuation
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Figure 4.39 Graphical representation of the strain vs. end slip relationship of RCB6- 
02 specimen at the measured location of the strain gauge (in mm).
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To verify the observed variation in bond stress with slip use has been made of the 
local strain data recorded from the ER strain gauges applied along the length of the 
bar. It can be seen from Table 4.32, that despite precautions being taken to protect 
the gauges and associated wires, a number of the strain gauges lost their electrical 
connectivity. This is thought to be associated with the compaction process during 
casting of the concrete. Specimen RCB6-02 was found to be the most reliable data 
source with full connectivity of all of the installed strain gauges and allowed 
complete monitoring of the fluctuation of the local strain along the bar length as a 
function of the bar slip in Figure 4.39.
Taking the three gauges in the bonded region first (SGI, SG2 and SG3) it can be 
seen that the strains at all three positions vary differently with slip showing that the 
local strain experienced by the bar is not uniform along its length. Thus the global 
displacement, measured by the LVDT’s, is associated with non-uniform local strain 
conditions. Considering the output of SGI it is apparent that the initial strain 
increases up to the point where the bond stress reaches it maximum, PI in Figure 
4.28. After this local strain remains constant for a short period and then decreases 
suggesting that the shear forces at the interface with the concrete at this point are 
small and the steel is carrying little load. The output from SG2 is quite different. The 
strain-slip relationship showing a cyclic variation that is strikingly similar to that 
observed in the bond stress-slip data in Figure 4.27 and 4.28. The maximum local 
strain at SG2 occurs after 1.70 mm slip and correlates very closely with the measured 
peak in the bond stress-slip curve, PI that occurs at 1.76 mm. This suggests that there 
is good correlation between the measured local strain and the bond stress measured 
from the load measurement. It may be noted that the strain in SG2 at the end of the
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test is still significant and does not fall to zero as predicted by the model code (FIB 
Task Group 2000). The strain measured at SG3 shows a clear peak strain occurring at 
PI that subsequently falls and then varies cyclically. It must be remembered that due 
to its position relative to the free surface of the concrete the strain at SG3 essentially 
reflects the behaviour of the unbonded bar once the slip exceeds 9 mm (or the 
equivalent of I rib spacing).
Table 4.43 Statistical analysis of peak strains with slip at SG2 (pstrain and mm).
PI P2 P3
Specimen Strain slip Strain slip Strain slip
RCB6-0I 1237 1.9 614 11.4 460 23.7 ,
RCB6-02 1538 1.7 1009 14.0 765 22.6
RCB6-03 III6 1.5 621 13.6 499 (19.8)
RCB6-04 1 1035 2.1 411 12.8 345 23.4
RCB6-05 1 1215 1.8 488 11.6 253 24.2
RCB6-06 1 1342 2.0 663 14.3 400 21.1
Mean | 1247 1.83 634 12.95 454 23.00
S.D.* 162 0.20 189 1.13 160 1.08
CoV* 1 0.13 O.II 0.30 0.09 0.35 0.05
(* S.D. = standard deviation, * CoV = coefficient of variation)
The strain responses of the two gauges in the unbonded region (SG4 and SG5) are 
similar in form but different in the absolute value of strain. For these two gauges it 
can be seen that the value of bar slip at the strains corresponding to the peak stresses 
P2 and P3 are almost identical. However, the local peak strain at SG4 and SG5 are 
different. This is because the local cross-sectional area of the bar was not uniform 
along its length due to the modification of the bar at the second experimental test 
series, see Section 3.3.3. In view of this it was decided to compare the local strain-
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slip curve relationship at SG4 with that at SG2 for all of the bars tested. It should be 
noted that the local cross-sectional area at positions SG2 and SG4 are nominally 
identical and so the measured strains at these two positions should be identical 
except for the influence of the surrounding concrete at SG2.
Table 4.44 Statistical analysis of peak strains with slip at SG4 (pstrain and mm).
PI P2 P3
Specimen Strain slip Strain slip Strain slip
RCB6-01 - - - - - -
RCB6-02 3135 1.76 1427 14.13 1108 22.66
RCB6-03 - - - - - -
RCB6-04 - - - - - -
RCB6-05 2270 1.28 658 11.46 377 22.63
RCB6-06 2437 1.12 831 10.36 439 20.80
Mean 2614 1.39 972 11.98 641 22.03
S.D.* 375 0.27 329 1.58 331 0.87
CoV* 0.14 0.20 0.34 0.13 0.52 0.04
(* S .D. = standard deviation, * CoV = coefficient of variation)
The position of SG4 was in the unbonded region and so reflects the unbond 
behaviour. Figure 3.25. According to Table 4.43 and 4.44, the absolute strain values 
at SG2 were lower than those measured at SG4, being about 50 % at PI, 45 % at P2 
and 30 % at P3. The reduced strain recorded in the steel bar at SG2 reflects the fact 
that, within this region, some of the load is being carried by the surrounding concrete. 
The existence of the observed peaks in the measured strain at PI, P2 and P3 suggests 
that the failure mode was one of pull-out with partial splitting failure, in Figure 4.31
(b). The observed decrease in the peak strain with increasing slip indicates the 
reduction of the effective bond between the concrete and the bar is due to damage
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build-up in the surrounding concrete due to the displacement of the transverse ribs of 
the bar.
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Figure 4.40 Graphical representation of the strain vs. end slip relationship of RCB6- 
01 specimen at the measured location of the strain gauge.
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Figure 4.41 Graphical representation of the strain vs. end slip relationship of RCB6- 
04 specimen at the measured location of the strain gauge.
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Figure 4.42 Graphical representation of the strain vs. end slip relationship of RCB6- 
05 specimen at the measured location of the strain gauge.
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Figure 4.43 Graphical representation of the strain vs. end slip relationship of RCB6- 
06 specimen at the measured location of the strain gauge.
As an overall result of the strain verse slip at the second experimental test series of 
uneorroded ribbed bar, the fluctuation behaviour of the bond stress with slip was 
examined and observed in RCB6 series and in most of test results at the first 
experimental test so it is proved that the fluctuation behaviour is reproducible, see 
Section 4.3.1. The observed fluctuation behaviour of the local strain with slip at the 
measured location of the strain gauge at the RCB6 series in Figure 4.39, 4.40, 4.41, 
4.42, and 4.43 showed similar in form of the fluctuation behaviour of the bond stress 
with slip but different in unit and these results clearly verify the fluctuation 
behaviour of the bond stress with slip in the debonding behaviour based on the 
experimental test. As a consequence, in this study large displacement has been 
defined as that greater than 18 mm because of the requirement of monitoring which 
is at least two times the wavelength of the fluctuation in post-peak bond stress 
observed experimentally.
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4.3.4 Bond Stress-Slip Relationship of Corroded Ribbed Bars
Three degrees of corrosion (0 %, 2.5 %, and 5 %) were applied to study the influence 
the corrosion on the bond behaviour. RCBOO, RCB25, RCB50 series were cast and 
tested at same day to minimize the influence of the material properties.
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Figure 4.44 Graphical representation of test results of the bond stress-slip of RCBOO
series.
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According to Figure 4.44, the test result of RCBOO series at the 0 % degree of 
corrosion, the fluctuation behaviour of the bond stress with slip was observed but not 
as clearly as occurred in the uncorroded bars.
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Figure 4.45 Graphical representation of test results of the bond stress-slip of RCB25
series.
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According to Figure 4.45, the test result of RCB25 series at the 2.5 % degree of 
corrosion, the fluctuation behaviour of the bond stress with slip was observed but not 
as clearly as in the specimens with uncorroded bars. The yielding of the bar was 
observed at RCB25-01 and RCB25-02 specimen due to the deviation between end 
and top slips as shown in Figure 4.45 (a) and (b).
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Figure 4.46 Graphical representation of test results of the bond stress-slip of RCB50
series.
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According to Figure 4.46, the test result of RCB50 series at the 5 % degree of 
corrosion, the fluctuation behaviour of the bond stress with slip was observed clearly.
Table 4.45 shows the statistical calculation of RCBOO, RCB25, and RCB50 series 
specimen and bond stresses were measured at 9 mm (clear rib spacing) of the slip 
and at 18 mm (2 times of clear rib spacing) of the slip to monitor the residual bond 
stress behaviour.
Table 4.45 Statistical test results of RCBOO, RCB25, and RCB50 series.
Specimen Maximum load {kN)
Maximum 
bond stress 
{MPa)
End slip at 
maximum 
load {mm)
Bond stress 
at 9 mm
Bond stress 
at 18 mm
RCBOO-01 72.30 17.98 1.63 5.59 2.94
RCBOO-02 1 79.80 19.84 1.51 7.14 4.12
RCBOO-03 1 74.09 18.42 1.92 4.67 2.40
mean 1 75.40 18.75 1.69 5.80 3.15
S.D.* 0.79 0.17 1.02 0.72
CoV* 0.04 0.10 0.18 0.23
RCB25-01 108.41 26.96 1.92 5.26 3.47
RCB25-02 115.38 28.69 2.06 5.21 333
RCB25-03 91.79 22.83 1.59 7.13 3.22
mean 105.19 26.16 1.86 5.87 3.34
S.D.* 2.46 0.20 0.89 0.10
CoV* 0.09 0.11 0.15 0.03
RCB50-01 79.39 19.74 1.43 6.00 3.00
RCB50-02 90.04 2Z39 1.48 7.58 3.63
RCB50-03 76.46 19.01 1.98 5.31 2.25
mean 81.96 20.38 1.63 6.30 2.96
S.D.* 1.45 0.25 0.95 0.56
CoV* 0.07 0.15 0.15 0.19
(* S.D. = standard deviation, * CoV = coefficient of variation)
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According to the tensile strength test of the ribbed bar, see Section 3.2.1.3, the 
loading at the elastic limit is 109.8 kN  and RCB25-03 specimen (115.38 kN  from 
Table 4.45) had over the elastic limit according to the statistical results of RCBOO, 
RCB25, and RCB50 series. It means that the bar was yielding during the experiment 
test at RCB25-02 specimen, however, the yielding was observed at RCB25-01 
specimen from the graphical representation in Figure 4.45 (a) and maximum load at 
RCB25-01 (108.41 kN) is closed to the elastic limit so the magnitude was much less 
than RCB25-02 specimen result. This result confirmed that the bar cross-section was 
not constant along the ribbed bar so yielding may have occurred at a load lower than 
the elastic limit measured.
The Poisson effect on the test specimen was considered in the analysis. As noted 
previously. Section 4.2.3, the highest loading observed at the RCBOO and RCB50 
series was not exceeded the loading at the elastic limit of the ribbed bar during the 
test. Therefore, only the elastic extension of the ribbed bar was considered in the 
determination of the top slip for the RCBOO and RCB50 series.
The highest loading measured at the RCB 25 series (115.38 kN, taken from Table 
4.22) exceeded the loading at the elastic limit (110 kN). The maximum elastic 
extension of the ribbed bar (^) was calculated by equation 3.6 to be;
' 201.1x200
At the same load the maximum longitudinal deformation of the concrete cube (Sc) 
was calculated by equation 3.7 to be;
' 4 - ^ ,  40000x35
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Assuming a Poisson’s ratio of 0.2 the transverse extension of the concrete was 
determined to be 0.0032 mm. Thus, the longitudinal and transverse deformations of 
the concrete cube can be seen to be very small. The transverse deformation of the 
ribbed bar is 0.14 mm in which the 16 mm ribbed bar had 0.4 % extension in any 
transverse direction. As a result, the lateral contraction of the ribbed bar may 
influence on the bond but the mechanical bearing of the rib is the main influencing 
factor on the bond of the ribbed bar so the influence was neglected. Therefore, only 
the elastic extension of the ribbed bar was considered in the determination of the top 
slip for the RCB25 series.
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Figure 4.47 Regression analysis of RCBOO series specimen based on Table 4.45.
According to Figure 4.47, when the slip is 0 < 5 < .s/, the bond stress-slip curve 
showed a polynomial curve in 100 % of reliability. According to Table 4.45, the end 
slips at the maximum load in RCBOO series were occurred in between 1 mm and 2 
mm. When the slip is S2 < s < S3, the bond stress-slip curve can be defined as linear
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behaviour due to 98 % of reliability, and also when the slip is < 5  < S4, the bond 
stress-slip curve can be defined as linear behaviour due to 69 % of reliability.
Table 4.46 Predicted bond stress-slip models by FIP Task Group Bond Models and 
by modified bond stress-slip model at 49.2 MPa of the concrete strength of RCBOO 
series, and statistical mean bond stress-slip model of RCBOO series.
FIP Task Group 
Bond Models
Modified bond model 
from Table 4.14
Statistical mean curve 
ofRCBOO
S i I mm 1 mm I mm
S2 3 mm 2 mm 2 mm
S3 9 mm 9 mm 9 mm
S4 18 mm 18 mm 18 mm
a 0.4 0.4 0.4
Pmax 26.57 MPa 23.12 MPa 18.75 MPa
Pf 10.63 MPa 7.40 MPa 5.80 MPa
PfI 5.31 MPa 4.66 MPa 3.15 MPa
According to Table 4.46, statistical results of the RCBOO series was 23 % lower at 
the maximum bond stress and 28 % lower at the residual bond stress than modified 
bond model from the first experimental test series, presented at Table 4.14, and 42 % 
lower at the maximum bond stress and 83 % lower at the residual bond stress than 
bond model by FIP Task Group Bond Models (FIB Task Group 2000). Therefore, the 
modified bond model from the first experimental test was more adequate than bond 
model by FIP Task Group Bond Models.
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Figure 4.48 Regression analysis of RCB25 series specimen based on Table 4.45.
According to Figure 4.48, when the slip is 0 < s < si, the bond stress-slip curve 
showed a polynomial curve in 100 % of reliability. According to Table 4.45, the 
mean value of the end slips at the maximum load in RCB25 series was 1.86 mm this 
is between 1 mm and 2 mm. When the slip is S2 < s < S3, the bond stress-slip curve 
can be defined as linear behaviour due to 95 % of reliability, and also when the slip 
is S3 < s < S4, the bond stress-slip curve can be defined as linear behaviour due to 
80 % of reliability.
According to Table 4.47, statistical results of the RCB25 series was 40 % higher at 
the maximum bond stress and 1 % higher at the residual bond stress than RCBOO 
results and 13 % higher at the maximum bond stress and 26 % lower at the residual 
bond stress than the modified bond model from the first experimental test series, 
presented at Table 4.14.
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Table 4.47 Predicted bond stress-slip models by modified bond stress-slip model at 
49.2 MPa of the concrete strength of RCB25 series, and statistical mean bond stress- 
slip model ofRCBOO and RCB25 series.
Modified bond model 
1 from Table 4.14
Statistical mean curve 
ofRCBOO
Statistical mean curve 
ofRCB25
S i 1 mm 1 mm 1 mm
S2 2 mm 2  mm 2  mm
S3 9 mm 9 mm 9 mm
S4 18 mm 18 mm 18 mm
a 0.4 0.4 0.4
Pmax 2?>.\2MPa n . 15 MPa 26.\6 MPa
Pf 7.40 MPa 5.80 MPa 5.S7 MPa
Pfl 4.66 MPa 3.15 MPa 3.34 MPa
o
PQ
30
y -  -9.1587x" + 27.783x - 0.0039 
R  ^-  0.994625
20
y = -1.9146x + 23.514  
S .  R  ^= 0.9765
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Figure 4.49 Regression analysis of RCB50 series specimen based on Table 4.45.
According to Figure 4.49, when the slip is 0 <  ^ < 5;, the bond stress-slip curve 
showed a polynomial curve in 100 % of reliability. According to Table 4.45, the 
mean value of the end slips at the maximum load in RCB50 series was 1.63 mm this 
is between 1 mm and 2 mm. When the slip is 5 2  < '^ < S3, the bond stress-slip curve
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can be defined as linear behaviour due to 98 % of reliability, and also when the slip 
is < S4, the bond stress-slip curve can be considered to be linear with /^  = 0,82.
Table 4.48 Predicted bond stress-slip models by modified bond stress-slip model at 
49.2 MPa of the concrete strength of RCB50 series, and statistical mean bond stress- 
slip model ofRCBOO and RCB50 series.
Modified bond model 
from Table 4.14
Statistical mean curve 
ofRCBOO
Statistical mean curve 
ofRCB50
S i 1 mm 1 mm 1 mm
S2 2 mm 2 mm 2 mm
S3 9 mm 9 mm 9 mm
S4 18 mm 18 mm 18 mm
a 0.4 0.4 0.4
u 23.12 MPa 18.75 MPa 20.38 MPa
P f 7.40 MPa 5.80 MPa 6.30 MPa
Pfl 4.66 MPa 3.15 MPa 2.96 MPa
According to Table 4.48, statistical results of the RCB50 series was 9 % higher at the 
maximum bond stress and 9 % higher at the residual bond stress than RCBOO results 
and 13 % lower at the maximum bond stress and 17 % lower at the residual bond 
stress than the modified bond model from the first experimental test, presented at 
Table 4.14.
As an overall result of corroded ribbed bar, the bond stress-slip models up to the 
target degrees of corrosion was built with fixed parameters of si is 1 mm, S2 is 2 mm, 
S3 is 9 mm, 5./ is 18 mm, and a  is 0.4, presented in Table 4.49.
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Table 4.49 Parameters of the modified bond stress-slip model up to the target degrees 
of corrosion.
Modified bond 
model
0 % corrosion 
(RCBOO series)
2.5 % corrosion 
(RCB25 series)
5 % corrosion 
(RCB50 series)
Mmax &47X* 0 J 8 /* Oj3/m 0.41
0.32 fimax 0.3 1 fJmax 0.22 /Jfnax 0.3 1 fJmax
Mfi 0.63 fjf 0.54 juf 0.57 jUf 0.47 jUf
Table 4.50 Ratio of the bond stress-slip model up to the target degrees of corrosion 
on a validation basis of RCBOO series and modified bond model.
FIP Task Group 
bond model
Modified 
bond model
0%
(RCBOO)
2^94
(RCB25)
5%
(RCB50)
fJmax 1.42 1.24 1 1.39 1.08
Mf 0.57 0.40 0.31 0.31 0.33
Mfi 0.28 0.25 0.17 0.18 0.16
(3 M odel by results o f  RCB25 series 
- Estimated bond model from the modified model 
M odel by results o f  RCB50 series 
/  M odel by results o f  RCBOO series
18
Slip (mm)
Figure 4.50 Graphical comparison ratios of predicted bond model and statistical 
mean curve of RCBOO, RCB25, and RCB50 series.
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Figure 4.50 shows the graphical comparison ratios of bond stress-slip models up to 
target degrees of corrosion on a validation basis of RCAGO series and its ratios, 
presented Table 4.50.
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Figure 4.51 Reduction ratio of the bond stress with target degree of corrosion at the
second experimental test.
According to Table 4.50 and Figure 4.50, the reduction ratio of the bond stress up to 
target degrees of corrosion was not constant. The result at the 2.5 % degree of 
corrosion (pre-cracking stage) showed that the maximum bond stress was increased 
39 % but the residual bond stress was no changes. At the 5 % degree of corrosion 
(cracking stage), both the maximum and residual bond stress showed increase in 8 % 
and 6 %. Maximum bond stress behaviour was expected, however, the residual bond 
stress behaviour was not expected and only logical explanation is that the target 
degree of corrosion at 2.5% and 5 % was not achieved as planned so the residual 
bond stress showed somewhat different, increasing instead of decreasing.
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Tests on corroded bars in the first series of tests were inconclusive due to the 
difficulty of achieving the target degree of corrosion. Figure 4.51 indicates that the 
residual bond stress behaviour was not expected, increasing instead of decreasing. 
This increasing behaviour may be explained by the fact that the target degree of 
corrosion was not reached as planned. Due to difficulty of achieving target degree of 
corrosion, the second experimental test was modified to increase the possibility of 
achieving target degree of corrosion by the accelerated electrochemical corrosion 
method, see Section 3.3.2. However, the result of the second experimental test series 
indicated that the achievement of target degree of corrosion was much better but it 
was still difficult to confirm the achievement of the target degree of corrosion. This 
may have been because i) not replacing chloride, ii) high pH in the concrete, and iii) 
the autosensing power pack effectively delivers the voltage but may not have 
adequately controlled the corrosion current. However, the results of achieving target 
degrees of corrosion at the second experimental test series showed the improved 
results than the first experimental test results. Therefore, great care of applying 
accelerated corrosion method is required and furthermore, steel pickling process, 
measurement of the corrosion product by weight loss, was conducted at the third 
experimental test series to validate target degrees of corrosion and examine the 
influence of corrosion on the bond behaviour.
4.3.5 Strain Development of Corroded Ribbed Bars
The fluctuation behaviour of the bond stress-slip relationship of corroded ribbed bars 
at the second experimental test series can be verified by the experimental results of 
the strain verse end slip relationship at the measured location of the strain gauges.
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Table 4.51 Connectivity of the strain gauge in the RCBOO, RCB25, and RCB50
series.
Specimen
Strain gauges
SG4 SG5
RCBOO-01 0 0
RCBOO-02 0 O
RCBOO-03 0 O
RCB25-01 0 0
RCB25-02 O 0
RCB25-03 O 0
RCB50-01 0 o
RCB50-02 0 0
RCB50-03 O 0
(O: Connectivity is fine)
Two ER strain gauges were installed on the bar in unbonded region per specimen in 
RCBOO, RCB25, and RCB50 series due to delamination on the bonded region, see 
Figure 3.23. Table 4.51 shows the connectivity of the installed strain gauges in the 
specimen.
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Figure 4.52 Graphical representation of the strain vs. end slip relationship ofRCBOO
series.
As noted previously, Section 4.2.2, the strain observed in RCBOO series is within the 
stated operational range of the installed strain gauges. Figure 4.52. During the 
RCB25 and RCB50 series some of strain data results exceeded the operational range 
(± 50,000 micro-strain), such as, RCB25-03 at SG4 in Figure 4.53 (e), RGB50-01 at 
SG4 in Figure 4.54 (a), RCB50-02 at SG4 in Figure 4.54 (c), and RCB50-03 at SG4 
in Figure 4.54 (e). Some data were not exceed the operational range, however, the 
resulted behaviour of the bond stress vs. strain relationship and strain vs. slip 
relationship showed unexpected irregular readings in Tables 4.55 and 4.56 and, as a
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consequence, this kind of data can not be used in the analysis due to the low 
reliability of the data.
Table 4.52 Observed and predicted strain readings of RCBOO-01 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
Observed (pstrain) Predicted (pstrain)
Strain 
at SG4
Strain 
at SG5
3.4 % loss 
at SG4 and SG5
(1) 36.68 1148 1067 945
(2) 72.30 2112 2065 1863
(3) 47.21 1332 1322 1217
(4) 22.46 541 588 579
(5) 18.16 401 455 468
(6) 11.84 257 294 305
Table 4.53 Observed and predicted strain readings of RCBOO-02 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
Observed (pstrain) Predicted (pstrain)
Strain
atSG4
Strain
atSG5
3.4 % loss 
at SG4 and SG5
(1) 40.11 1093 1123 1034
(2) 79.80 2183 2251 2057
(3) 54.22 1403 1495 1397
(4) 28.70 711 770 740
(5) 22.98 503 582 592
(6) 16.55 431 441 427
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Table 4.54 Observed and predicted strain readings of RCBOO-03 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
Observed (pstrain) Predicted (pstrain)
Strain
atSG4
Strain
atSG5
3.4 % loss 
at SG4 and SG5
(1) 37.35 1246 1151 963
(2) 74.09 2261 2154 1910
(3) 46.70 1389 1348 1204
(4) 17.99 479 514 464
(5) 15.13 376 421 390
(6) 9.65 221 265 249
According to Tables 4.52, 4.53, and 4.54, the observed strain reading was similar in 
form to the predicted strain profile considering the 3.4 % loss of bar cross-section 
due to preparation of installation space on the bar but different in a absolute value 
(generally within 10 % of deviation). This means that the strain data was validated at 
RCBOO series and the fluctuation behaviour of the bond stress with slip at RCBOO 
series was verified.
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Figure 4.53 Graphical representation of the strain vs. end slip relationship of RCB25
series.
Graphical presentation of the strain verse end slip relationship at RCB25 series 
showed that the fluctuation of the bond stress with slip was observed at RCB25-03 in 
SG5 location only as shown in Figure 4.53. According to Tables 4.55, 4.56, and 4.57, 
the maximum strain observed at RCB25-03 is 292,783 (taken from Table 4.57) and 
this value is over the operational range of installed strain gauges (± 50,000 micro­
strain). The yielding was observed at RCB25-01 and RCB25-02 specimens and this 
may explain the plateau strain with slip at RCB25-01 at SG4 and RCB25-02 at SG5, 
presented in the Figure 4.53 (a) and (d). Therefore, the results of RCB25-01 at SG5,
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RCB25-02 at SG4, and RCB25-03 at SG4 showed unexpected behaviour and no 
apparent correlations with any other data.
Table 4.55 Observed and predicted strain readings of RCB25-01 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
Observed (pstrain) Predicted (pstrain)
Strain
atSG4
Strain 
at SG5
3.4 % loss 
at SG4 and SG5
(1) 54.59 1623 2202 1407
(2) 108.41 7465 877 2794
(3) 70.36 16492 312 1813
(4) 21.15 14977 119 545
(5) 22.52 15024 199 580
(6) 13.95 14732 62 360
Table 4.56 Observed and predicted strain readings of RCB25-02 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
Observed (pstrain) Predicted (pstrain)
Strain
atSG4
Strain 
at SG5
3.4 % loss 
at SG4 and SG5
(1) 58 1890 1761 1495
(2) 115.38 2690 36535 2974
(3) 34.06 1467 33966 878
(4) 20.96 1299 33508 540
(5) 20.48 1315 33440 528
(6) 13.38 1181 33163 345
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Table 4.57 Observed and predicted strain readings of RCB25-03 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
Observed (pstrain) Predicted (pstrain)
Strain
atSG4
Strain 
at SG5
3.4 % loss 
at SG4 and SG5
(1) 45.44 -8441 1290 1171
(2) 91.79 292783 2639 2366
(3) 60.14 281433 1722 1550
(4) 28.67 271427 838 739
(5) 22.18 269761 623 572
(6) 12.94 267279 358 334
According to Table 4.57, the observed strain reading at SG5 has similar in form to 
predicted strain profile with considered 3.4 % loss of bar cross-section due to 
preparation of installation space on the bar but different in a absolute value 
(generally within 10 % of deviation) and it means that the strain data was validated 
at RCB25 series and the fluctuation behaviour of the bond stress with slip at RCB25 
series was also verified but it is no doubt that the reliability of data is low due to 
monitored in one strain gauge out of six.
The observed strain at SG4 of RCB50 series was over the operational range of strain 
gauges (± 50,000 micro-strain) and showed unexpected behaviour without any 
correlations. The maximum strain at SG4 up to loading cases was 197,771 at 
RCB50-01 in Table 4.58, 1,762,580 at RCB50-02 in Table 4.59, and 1,643,310 at 
RCB25-03 in Table 4.60, therefore, data was neglected. According to Figure 4.54, 
the fluctuation behaviour of the strain with slip was observed in RGB50 series at 
SG5.
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Figure 4.54 Graphical representation of the strain vs. end slip relationship of RGB50
series.
Table 4.58 Observed and predicted strain readings of RGB50-01 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
Observed (pstrain) Predicted (pstrain)
Strain 
at SG4
Strain 
at SG5
3.4 % loss 
at SG4 and SG5
(1) 39.39 2054 1065 1015
(2) 79.39 197771 2204 2046
(3) 52.35 194866 1393 1349
(4) 24.02 178472 581 619
(5) 22.45 181778 584 579
(6) 12.03 183645 226 310
230
Chapter 4 Results and Discussion
Table 4.59 Observed and predicted strain readings of RCB50-02 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
Observed (pstrain) Predicted (pstrain)
Strain
atSG4
Strain 
at SG5
3.4 % loss 
at SG4 and SG5
(1) 45.08 -8860 1262 1162
(2) 90.04 1248580 2563 2321
(3) 60.96 1334460 1745 1571
(4) 30.49 1627310 866 786
(5) 25.52 1762580 700 658
(6) 14.58 1101830 411 376
According to Tables 4.58, 4.59, and 4.60, the observed strain reading at SG5 was 
similar in form to the predicted strain profile considering the 3.4 % loss of bar cross- 
section due to preparation of installation space on the bar. However, it is different in 
absolute value (generally within 10 % of deviation) and it means that the strain data 
was validated by the RCB50 series and the fluctuation behaviour of the bond stress 
with slip at RCB25 series was also verified.
As an overall result of strain reading verse slip at the second experimental test of 
corroded ribbed bars (RCBOO, RCB25, and RCB50 series), strain behaviours in the 
free length (at SG4 and SG5) showed the fluctuation of the strain. This verified the 
fluctuation behaviour of the bond stress with slip because the fluctuation of the bond 
stress and the strain with slip were similar in form in the corroded condition.
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Table 4.60 Observed and predicted strain readings of RCB50-03 at SG4 and SG5 
locations with considered loss of bar cross-section.
Loading
(AAO
Observed (pstrain) Predicted (pstrain)
Strain 
at SG4
Strain 
at SG5
3.4 % loss 
at SG4 and SG5
(1) 38.5 -55356 1230 992
(2) 76.46 1643310 2308 1971
(3) 45.34 1621050 1382 1169
(4) 21.36 1426680 717 551
(5) 19.66 1380070 675 507
(6) 9.03 1438310 378 233
4.3.6 Conclusion of the Second Experimental Test Series
The second pull-out experimental test series was conducted to examine the 
fluctuation behaviour of the bond stress with slip of uncorroded and corroded ribbed 
bars in concrete under the displacement control and its verification, to assess the 
effect of corrosion on the bond behaviour, and to understand the post-peak behaviour 
of the bars in concrete.
The conclusion of the second experimental test results was as follows;
(1) The observed fluctuation of the bond stress-slip was found to be reproducible and 
verified by the correlation between the bond stress verse slip measured by LVDT’s 
and the strain verse slip measured by surface mounted strain gauges.
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(2) The loading rate of displacement control technique at the second experimental 
test was two times faster than first experimental test and the fluctuation behaviour of 
the bond stress-slip was observed smoothly.
(3) The installation of the strain gauges in the groove by modification of the bar 
cross-section was found to help prevent the any damage of strain gauges/wire during 
specimen manufacture and testing.
(4) Modified bond stress-slip model of deformed bars from the first experimental test 
was adequate at the second experimental test than bond model by FIP Task Group 
Bond Models.
(5) The observed strain distribution of the uncorroded ribbed bar at RCB6 series 
showed the expected behaviour which is similar in form of the stress distribution 
along the bar.
(6) The large displacement has been defined as that greater than 18 mm because of 
the requirement of monitoring which is at least two times the wavelength of the 
fluctuation in post-peak bond stress observed experimentally.
(7) The fluctuation behaviour of the bond stress-slip was also observed at the target 
degrees of corrosion and this behaviour was verified by the independent verification 
method.
(8) The influence of the degree of corrosion on the bond stress was examined and the 
bond behaviour with degree of corrosion showed different behaviour between the
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maximum and residual bond stress. However, the correlation was not fully defined 
due to insufficient validation of the achieving target degrees of corrosion.
4.3.7 Further Tasks
From the second pull-out experimental test series, it was not possible to verify the 
effect of corrosion on the bond behaviour due to continued uncertainty of achieving 
target degrees of corrosion. In this circumstance, further works are required to fulfil 
the study abut the bond stress-slip behaviour of deformed bar under displacement 
control in the uncorroded and corroded condition as follows;
Achieving target degree of corrosion
A number of reasons caused difficult to achieve the target degrees of corrosion as 
planed at the second experimental test series, such as, replacing chloride, high pH in 
the concrete, and autosensing power pack effectively delivers the voltage but not 
corrosion current. However, the results of achieving target degrees of corrosion at the 
second experimental test series showed the improved results than the first 
experimental test results. Therefore, great care of applying accelerated corrosion 
method was required in the subsequent test series to ensure that the specimens 
experienced the correct corrosion current over the required time period.
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Steel pickling
For the verification of the target degrees of corrosion, the measurement of corrosion 
products by weight loss at the third experimental test will be conducted in the acidic 
solution which the corrosion product dissolves only, so-called ‘steel pickling’.
4.4 THIRD EXPERIMENTAL TEST SERIES
The object of the third experimental series was to better understand the effect of 
corrosion on the bond behaviour under displacement control. The degree of 
corrosion was verified by the ‘steel pickling method’ which measured the corroded 
part of the bar using hydrochloric acid with hexamine corrosion inhibitor.
All test schemes of the third experimental test were designed based on the CEB-FIP 
model code 90 (Comite Euro International du Beton 1992) and FIB Task Group 
Bond Models (FIB Task Group 2000). The test method followed that used in the 
second series of experimental tests in respect of size of the concrete cube, 
embedment length of the bar, diameter of the bar, and type of the bar.
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Table 4.61 Test specimen properties and conditions of corroded ribbed bar for the 
third experimental test.
Specimen Degree of corrosion Age
Mean cube 
strength {MPa)
Stiffness
{GPa)
RCCOO-01
0% 1.2 year 49 ± 0.7 34.9RCCOO-02
RCCOO-03
RCC25-01
2.5% 1.2 year 49 ± 0.7 34.9RCC25-02
RCC25-03
RCC50-01
5% 1.2 year 49 ±0.7 34.9RCC50-02
RCC50-03
Table 4.61 shows the properties and conditions of the corroded and uncorroded 
ribbed bar tests. According to BS 5400 Part 4 (1990), the measured stiffness of the 
concrete tested are within the range of stiffness expected for the given strength grade. 
The mean cube strength for the RCC series (at 1.2 years) was acceptable, see 
Appendix B.
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4.4.1 Bond Stress-Slip Relationship of Third Experimental Test Series
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Figure 4.55 Graphical representation of the bond stress-slip results of RCCOO series
specimen.
Three degrees of corrosion (0 %, 2.5 %, and 5 %) were applied to study the effect of 
corrosion on the bond behaviour. Figure 4.55 shows the bond stress-slip relationship 
of the RCCOO series of specimens at 0 % degree of corrosion. Again the fluctuation
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of the post-peak bond stress-slip behaviour can be clearly observed. These results are 
fully consistent with those seen in the previous experiments and confirm that the 
effect is reproducible. Figure 4.56 shows the relationship between the peak bond 
stress and the concrete cube strength based on the properties of the tested specimen 
(RCAOO, RGB6, RCBOO, and RCCOO series) with fully developed bond stress of the 
uncorroded ribbed bar only. According to Figure 4.56, the maximum (peak) bond 
stress behaviour is proportional to the concrete cube strength of test specimen but 
only has a small dependence on the concrete strength when it is greater than 25 MPa, 
see Section 3.2.1.2.
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Figure 4.56 Peak bond stress behaviour with concrete strength of tested specimen.
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Figure 4.57 Graphical representation of the bond stress-slip results of RCC25 series
specimen.
Figure 4.57 shows the bond stress-slip relationship for the RCC25 series with 2.5 % 
degree of corrosion. The corrosion process appears to have resulted in an improved 
bond between the steel and the concrete as the average peak bond stress has 
increased from 24.2 MPa to 27.4 MPa, Table 4.62. This increased capacity has 
meant that some yielding of the steel bar was observed in both the RCC25-01 and
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RCC25-03 specimens. Despite this the fluctuation of the post-peak bond stress can 
still be observed during the subsequent, post-peak, large displacement pull-out.
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Figure 4.58 Graphical representation of the bond stress-slip results of RCC50 series
specimen.
Figure 4.58 shows the bond stress-slip relationship for the RCC50 series at 5 % 
degree of corrosion. It can be seen that the test results for these specimens showed
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significant variation compared to that observed previously. This is believed to be the 
result of cracking of the concrete cover to the steel bar due to formation of 
voluminous corrosion products, Figure 4.59 (a). Such cracking has clearly destroyed 
the bond between the bar and the concrete in specimen RCC50-01, Figure 4.58(a). 
Similarly, the test result for the RCC50-02 specimen showed a sharp drop in bond 
stress from the maximum value, Figure 4.59 (b), and was associated with the 
development of longitudinal cracks in the cover concrete. The behaviour of the 
RCC50-03 specimen was similar to that seen previously and appeared relatively 
unaffected by the corrosion process. Taken together these results confirm that the 
bond between the concrete and the steel is strongly dependent on the containment 
provided by the surrounding concrete which is itself influenced by the tensile 
stresses that arise during the corrosion of the steel bar.
NS~3»
(a) RCC50-01 (b) RCC50-02
Figure 4.59 Cracks on the base surface of specimen; (a) RCC50-01 after applied 
accelerated corrosion, (b) RCC50-02 after test.
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Table 4.62 Statistical test results of RCCOO, RCC25, and RCC50 series.
Specimen Maximum load (kN)
Maximum 
bond stress 
(MPa)
End slip at 
maximum 
load (mm)
Bond stress 
at 9 mm
Bond stress 
at 18 mm
RCCOO-01 90.57 22.52 1.60 5.59 2.69
RCCOO-02 98.53 24.43 223 6.80 3.68
RCCOO-03 103.65 25.78 2.24 10.92 3.80
Mean 97.58 24.24 2.02 7.77 3.39
S.D.* - 1.34 0.30 2.28 0.50
CoV* 0.06 0.15 0.29 0.15
RCC25-01 110.56 27.49 1.77 4.93 2.96
RCC25-02 107.15 26.65 1.85 5.73 2.60
RCC25-03 112.44 27.96 0.78 2.94 1.72
Mean 110.05 27.37 1.47 4.53 2.43
S.D.* 0.54 0.49 1.17 0.52
CoV* 0.02 0.33 0.26 0.21
RCC50-01 6.02 1.50 0.30 0.94 0.51
RCC50-02 107.17 26.65 0.30 0.49 0.60
RCC50-03 108.83 27.06 1.80 9.47 5.58
Mean 74.01 18.40 0.80 3.63 2.23
S.D.* 11.95 0.71 4.13 2.37
CoV* 0.65 0.88 1.14 1.06
(* S.D. = standard deviation, * CoV = coefficient of variation)
Table 4.62 shows the analytical calculation of the RCCOO, RCC25, and RCC50 
series and the bond stresses were measured at 9 mm (clear rib spacing) of the slip and 
at 18 mm (2 times of clear rib spacing) to monitor the bond stress behaviour. 
According to tensile test of the ribbed bar, see Section 3.3.2, the loading at the elastic 
limit is 109.8 A#and RCC25-01 (110.56 ArAfrom Table 5.3) and RCC25-03 (112.44 
kN) specimens exceeded the elastic limit according to the statistical results of RCCOO, 
RCC25, and RCC50 series. It means that the bar was yielding during the third
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experiment test at RCC25-01 and RCC25-03 specimens also yielding was observed 
which is the existence of deviation between the end and top slip readings from the 
graphical representations in Figure 4.57 (a) and (c)
The Poisson effect on the test specimen was considered in the analysis. As noted 
previously, Section 4.3.4, the highest loading observed at the RCCOO and RCC50 
series did not exceed the elastic limit of the ribbed bar during the test. The highest 
loading observed at the RCC25 series (112 kN) was exceeded 2 % of loading at the 
elastic limit (110 kN). This can be seen to be very small. Therefore, only the elastic 
extension of the ribbed bar was considered in the determination of the top slip for the 
RCCOO, RCC25, and RCC50 series.
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Figure 4.60 regression analysis of RCCOO series specimen based on Table 4.62.
In considering the post-peak behaviour, according to Figure 4.60, when the slip is 0 
<s <si, the bond stress-slip curve can be accurately represented using a polynomial 
curve (R  ^ = 1.00). According to Table 4.62, the end slips at the maximum load in
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RCCOO series occurred between 1 - 2  mm. When the slip is .^2 < ^ S3, the bond
stress-slip curve can be represented using linear behaviour (R  ^ = 0.94), and also 
when the slip isss< s < S4, the bond stress-slip curve can be considered as linear.
According to Table 4.63, statistical results of the RCCOO series was 5 % higher at the 
maximum bond stress and the residual bond stress than the modified bond model 
from the first experimental test series, presented at Table 4.14, and 9 % lower at the 
maximum bond stress and 35 % lower at the residual bond stress than bond model by 
FIP Task Group Bond Models. Therefore, the modified bond model from the first 
experimental test series was more adequate for the third experimental test series than 
bond model by FIP Task Group Bond Models.
Table 4.63 Predicted bond stress-slip models by FIP Task Group Bond Models and 
by modified bond stress-slip model at 49 MPa of the concrete strength of RCCOO 
series, and statistical mean bond stress-slip model of RCCOO series.
1 FIP Task Group 
1 Bond Models
Modified bond model 
from Table 3.21
Statistical mean curve 
ofRCBOO
1 mm 1 mm 1 mm
S2 3 mm 2 mm 2 mm
S3 9 mm 9 mm 9 mm
S4 18 mm 18 mm 18 mm
a 0.4 0.2 0.2
Pmax 26.46 MPa 23.03 MPa 24.24 MPa
Pf 10.58 MPa 7.37 MPa 7.77 MPa
Pfl 5.29 MPa 4.64 MPa 3.39 MPa
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Figure 4.61 Predicted bond stress-slip model and statistical mean curve of RCCOO,
RCC25, and RCC50 series.
Figure 4.61 shows the simplified bond stress-slip model of predicted and statistical 
mean curve of RCCOO, RCC25, and RCC50. Predicted bond stress-slip model by 
proposed bond model at the first experimental test series shows adequate in global 
behaviour and deviation was within 5 % of the bond stress in uncorroded condition 
(RCCOO series) for the third experimental test series. According to Figure 4.61, the 
degree of corrosion affects the measured peak bond stress. The peak bond stress is 
observed to increase at low corrosion levels (up to 2.5 % degree of corrosion) and 
then decreases as degree of corrosion increases, see Section 2.5.7. This may reflect 
the compressive stresses that are induced by the initial formation of corrosion 
product at the steel/concrete interface and the subsequent disruption of the interface 
due to the resulting tensile stress that develop within the concrete as the steel bar 
increases its effective diameter.
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4.4.2 Measurement of Corrosion loss -  steel pickling.
Using steel picking process, samples from the second and third test series were used 
to compare the targeted degrees of corrosion with that actually achieved.
4.4.2.1 Second Test series
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Figure 4.62 Graphical representation of corroded steel bar pickling of RCB25 series.
The results of the artificial corrosion of the specimens used in the second series of 
tests suggested that the target degree of corrosion was not being achieved. As a 
consequence steel pickling of corroded bar from the second experimental test series 
(RCB25 and RCB50 series) was conducted for the confirmation of the target degrees 
of corrosion by the weight loss of the corroded ribbed bar, see Section 3.2.3.3 and
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Section 4.3.5. Figure 4.62 (a), (c), and (e) are the graphical representation of the 
corroded steel bar pickling of RCB25 series and Figure 4.62 (b), (d), and (f) are the 
optimised linear equation by regression analysis and its coefficient of determinations 
(J^) are presented in Table 4.64.
5 10 15 20 25
(a)RCB50-01
3.600
3.500
Z  3.400
y =  0.0046x + 3.3454
^  3.300 
3.200
5 10 15 20 25
(b)RCB50-01
2.500 1
3  2.400 -
y  = 0 .0 0 3 6 x  + 2.2259 _________^
^  2 200 -
f ---------- -- ^■ 1 1 1 I
2.100 -
5 10 15 20 25
(c) RCB50-02
30 35
Time (min)
5 10 15 20  25
(d)RCB50-02
30 35
Time (min)
10 4.700
8 3  4.600
0 6
4.500
t : ^  4.400  
4.3000
0 5 10 15 20 25 30 35
*  — *-----
♦ y =  0.0045x +  4.4495
Time (min)
5 10 15 20
(f)RCB50-03
25 30 35
Time (min)(e) RCB50-03
Figure 4.63 Graphical representation of corroded steel bar pickling of RCB50 series
Figure 4.63 (a), (c), and (e) are the graphical representation of the corroded steel bar 
pickling of RCB25 series and Figure 4.63 (b), (d), and (f) are the optimised linear 
equation by regression analysis and its coefficient of determinations (R )^ are 
presented in Table 6.64.
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Table 4.64 shows the test results of the steel pickling of RCB25 and RCB50 series. 
Each specimen had more than 80 % of reliability according to the coefficient of 
determination (R )^ is in between 0.82 and 0.95. In the RCB25 series, achieved 
degree of corrosion was in between 2.5 % ad 2.7 % loss of bar cross-section and this 
is clearly confirmed that 2.5 % of the target degree of corrosion was achieved. 
Therefore, application of accelerated corrosion method was well conducted. 
However, in the RCB50 series, the achieved degree of corrosion was in between 
1.8 % and 3.5 % loss of bar cross-section and this confirmed that 5 % of the target 
degree of corrosion was not achieved.
Table 4.64 Test results of steel pickling of RGB series.
Time Weight loss (g)
{min) RCB25-01 RCB25-02 RCB25-03 RCB50-01 RCB50-02 RCB50-03
0 0.000 0.000 0.000 0.000 0.000 0.000
5 3.402 3.156 3.437 3.352 2.235 4.450
10 3.444 3.203 3.471 3.401 2.262 4.507
15 3.453 3.209 3.487 3.422 2.295 4.523
20 3.491 3.230 3.498 3.445 2.308 4.561
25 3.503 3.239 3.486 3.462 2.299 4.562
30 3.512 3.248 3.535 3.471 2.337 4.567
Weight 
loss (g) 3.391 3.155 3.431 3.345 2.226 4.450
(%) 2.686 2.499 2.718 2.650 1.763 3.525
0.945 0.894 0.824 0.936 0.891 0.860
Table 4.65 present the parameters and ratios of the maximum bond stress, divided by 
the concrete cube strength of RGB series (49.2 MPa from Table 4.28), and the 
residual bond stress (at 9 mm slip), divided by the maximum bond stress, of RGB25 
and RGB50 series. The concrete strength is one of the main influencing factors on
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the bond behaviour and this conversion ratio of the bond stress can be used to 
compare with other experimental data and removing the effect of the concrete 
strength.
f
Table 4.65 Parameters and ratios of defining bond stress at the maximum bond stress 
and at 9 mm slip of RCB25 and RCB50 series.
Specimen Pmax Pf at 9 mm Ratio of /4MOX Ratio of iJf
RCBOO-01 O J? /* 0.31 Umax 0.97 0.30
RCBOO-02 0.40/c„ 0.36 fJfuax 1.05 0.38
RCBOO-03 ^31  feu 0.25 /Jmax 0.97 0.24
RCB25-01 ff55/* 0.20 fJmax 1.45 0.29
RCB25-02 0.58^„ 0.18 /Jmax 1.53 0.27
RCB25-03 0.46/c„ 0.31 fJmax 1.21 0.38
RCB50-01 0.40/c„ 0.30 /Umax 1.05 0.32
RCB50-02 0.46/c„ 0.34 fJmax 1.21 0.41
RCB50-03 0.39;^ 0.28 IJmax 1.03 0.29
(Base ratio of 1 is 0.38 feu which is mean ofRCBOO series)
Table 4.66 Rearranged test results of RCB25 and RCB50 series up to the weight loss.
Weight 
loss (%) Specimen
Degree of 
corrosion (%) Ratio of jJmax Ratio of fXf cracking
0 1 RCBOO-01 0 0.97 0.30 None
0 RCBOO-02 0 1.05 0.38 None
0 RCBOO-03 0 0.97 0.24 None
1.763 RCB50-02 5 1.21 0.41 None
2.499 RCB25-02 2.5 1.53 027 None
2.650 RCB50-01 5 1.05 0.32 None
2.686 RCB25-01 2.5 1.45 0.29 None
2.718 RCB25-03 2.5 1.21 0.38 None
3.525 RCB50-03 5 1.03 0.29 None
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Table 4.66 shows the rearranged test result of steel pickling of RCB25 and RCB50 
series up to degrees of corrosion and cracking was not occurred during the 
experimental test.
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Figure 4.64 Regression analysis of ratios of the maximum bond stress with targeted 
and achieved degrees of corrosion at RCBOO, RCB25, and RCB50 series.
Figure 4.64 is the graphical presentation of ratios of the maximum bond stress (/4»ax) 
behaviour with targeted and achieved degrees of corrosion at RGB series. According 
to Figure 4.64, the ratio of the maximum bond stress for the target degree of 
corrosion is 1.33 at 2.5 % degree of corrosion in 77 % of reliability. The ratio of the 
maximum bond stress for the achieved degree of corrosion is 1.33 at 1.85 % degree 
of corrosion in 52 % of reliability. It means that the maximum bond stress influenced 
by degrees of corrosion started to decrease from 5.4 % of the target degree of 
corrosion and to decrease from 3.7 % of the achieved degree of corrosion.
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Figure 4.65 Regression analysis of ratios of the residual bond stress with targeted 
and achieved degrees of corrosion at RCBOO, RCB25, and RCB50 series.
Figure 4.65 is the graphical presentation of ratios of the residual bond stress {juj) 
behaviour with targeted and achieved degrees of corrosion at RCB series. According 
to Figure 4.65, the ratio of the maximum residual bond stress for the target degree of 
corrosion is 0.36 at 5 % degree of corrosion. The ratio of the maximum residual 
bond stress for the achieved degree of corrosion is 0.36 at 1.5 %. This suggests that 
the residual bond stress is influenced by the achieved degree of corrosion in a similar 
way to the maximum bond stress behaviour of corroded bar.
Figure 4.66 shows the graphical presentation of the embedded part of the corroded 
bar after steel pickling of RCB25 and RCB50 series. Corroded steel bars after steel 
pickling showed less sign of the corrosion and reliability of the steel pickling data
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(52 %) was less than the reliability of the target degrees of corrosion (77 %) by 
regression analysis.
(a) 2.686% at RCB25-01
(b) 2.499% at RCB25-02
(c) 2.718% at RCB25-03
(d) 2.650% at RCB50-01
(e) 1.763% at RCB50-02
(f) 3.525% at RCB50-03
K- K-
80 mm of embedded part of the bar 80 mm of embedded part of the bar 
Figure 4.66 Graphical presentation of the embedded part of the steel bar after steel 
pickling of RCB25 and RCB50 series.
The results suggest that the effect of the corrosion on the maximum bond stress is to 
cause it to increase at low degrees of corrosion (up to 4 %) and then start to decrease 
at higher levels of corrosion. The effect of corrosion on the residual bond stress 
behaviour was similar.
4.4.2.2 Third Test series
Steel pickling of corroded bar from the third experimental test (RCC25 and RCC50 
series) was conducted for the confirmation of the target degrees of corrosion by the 
weight loss of the corroded ribbed bar, see Section 3.2.3.3. Data results were used in 
the analysis of the effect of the corrosion on the bond behaviour.
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Figure 4.67 (a), (c), and (e) are the graphieal representation of the corroded steel bar 
pickling of RCC25 series and Figure 4.67 (b), (d), and (f) are the optimised linear 
equation by regression analysis and its coefficient of determinations (7?^ ) are 
presented in Table 5.5.
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Figure 4.67 Graphical representation of corroded steel bar pickling of RCC25 series.
Figure 4.68 (a), (e), and (e) are the graphical representation of the corroded steel bar 
pickling of RCC50 series and Figure 4.68 (b), (d), and (f) are the optimised linear 
equation by regression analysis and its coefficient of determinations (R^) are 
presented in Table 4.67.
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Figure 4.68 Graphical representation of corroded steel bar pickling of RCC50 series.
Table 4.67 shows the test results of the steel pickling of RCC25 and RCC50 series. 
Most of test specimen had more than 90 % of reliability except RCC25-01 at 78 % 
according to the coefficient of determination (i^) is in between 0.78 and 0.95 and 
achieved degree of corrosion was in between 3.62 % ad 6.59 % loss of bar cross- 
section and this is clearly confirmed that 2.5 % of the target degree of corrosion was 
achieved over targeted. The achieved degree of corrosion at RCC50 series was in 
between 5.31 % and 13.24 % loss of bar cross-section and this confirmed that 5 % of 
the target degree of corrosion was also achieved over the targeted. Therefore, 
application of accelerated corrosion method was well conducted.
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Table 4.67 Test results of steel pickling of RCC series.
Time
(min)
Weight loss (g)
RCC25-01 RCC25-02 RCC25-03 RCC50-01 RCC50-02 RCC50-03
0 0.00 0.00 0.00 0.00 0.00 0.00
5 4.55 8.34 7.45 ■ 16.77 8.27 6.72
10 4.69 8.42 7.64 17.05 8.63 6.87
15 4.74 8.45 7.74 17.27 8.84 6.98
20 4.76 8.51 7.85 17.36 9.00 7.03
25 4.76 8.54 7.87 17.48 9.13 7.08
30 4.80 8.55 7.93 17.54 9.25 7.11
Weight 
loss (g) 4.57 8.33 7.43 16.72 8.193 6.70
(%) 3.62 6.59 5.88 13.24 6.49 5.31
0.78 0.95 0.93 0.93 0.95 0.92
Table 4.68 present the parameters and ratios of defining bond stress at the maximum 
bond stress, divided by the concrete cube strength of the RCC series (49 MPa from 
Table 5.2), and the residual bond stress (at 9 mm slip), divided by the maximum bond 
stress, of the RCC25 and RCC50 series. Thus concrete strength is one of the 
influencing factors on the bond behaviour (its influence decreasing as strength 
exceeds 25 MPa, Figure 4.56) and this conversion ratio of the bond stress can be 
used to compare with other experimental data without the effect of the concrete 
strength.
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Table 4,68 Parameters and ratios of defining bond stress at the maximum bond stress 
and at 9 mm slip of RCC25 and RCC50 series.
Specimen Pmax Mf at 9 mm Ratio of JJmax Ratio of jif
RCCOO-01 0.46 0.25 JJmax 0.94 0.23
RCCOO-02 0.50^„ 0.28 JJmax 1.02 0.29
RCCOO-03 & 53/* 0.42 JJmax 1.08 0.45
RCC25-01 Oj6Jm 0.18 JJmax 1.14 0.21
RCC25-02 0.54/c„ 0.22 JJmax 1.10 0.24
RCC25-03 0.57/c„ 0.11 JJmax 1.16 0.13
RCC50-01 om /eu 0.90 JJmax 0.04 0.04
RCC50-02 OMfeu 0.02 JJmax 1.10 0.02
RCC50-03 0.55;^ 0.35 JJmax 1.12 0.39
(Base ratio of 1 is 0.49 feu which is mean of RCCOO series)
Table 4.69 Rearranged test results of steel pickling of RCC25 and RCC50 series up 
to the weight loss.
Weight 
loss (%) Specimen
Degree of 
corrosion (%)
Ratio
o f  JJmax
Ratio
.
cracking
0 RCCOO-01 0 0.94 0.23 None
0 RCCOO-02 0 1.02 0.29 None
0 RCCOO-03 0 1.08 0.45 None
3.62 RCC25-01 2.5 1.14 0.21 None
5.31 RCC50-03 5 1.12 0.39 None
5.88 RCC25-03 2.5 1.16 0.13 None
6.49 RCC50-02 5 . 1.10 0.02 During test
6.59 RCC25-02 2.5 1.10 0.24 None
13.24 RCC50-01 5 0.04 0.04 Before test
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Table 4.69 shows the rearranged test result of steel pickling for the RCC25 and 
RCC50 series up to achieved degrees of corrosion and cracking was occurred at the 
RCC50-01 by accelerated corrosion and at the RC50-02 during the pull-out test.
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Figure 4.69 Regression analysis of ratios of the maximum bond stress with targeted 
and achieved degrees of corrosion at RCCOO, RCC25, and RCC50 series.
Figure 4.69 is the graphical presentation of ratios of the maximum bond stress (/^ zox) 
behaviour with targeted and achieved degrees of corrosion at RCC series. According 
to Figure 4.69, the ratio of the maximum bond stress for the target degree of 
corrosion is 1.15 at 1.85 % degree of corrosion in 23 % of reliability. The ratio of the 
maximum bond stress for the achieved degree of corrosion is 1.18 at 3.7 % degree of 
corrosion in 99 % of reliability. It means that the maximum bond stress influenced 
by degrees of corrosion started to decrease from 7.4 % of the target degree of 
corrosion and to decrease from 3.7 % of the achieved degree of corrosion.
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Figure 4.70 Regression analysis of ratios of the residual bond stress with targeted 
and achieved degrees of corrosion at RCCOO, RCC25, and RCC50 series.
Figure 4.70 is the graphical presentation of ratios of the residual bond stress (/^) 
behaviour with targeted and achieved degrees of corrosion at RCC series. According 
to Figure 4.70, the residual bond stress behaviour was observed to reduce with target 
and achieved degree of corrosion. This behaviour seems reasonable because the 
corrosion products may work as a “lubricant” material changing the nature of the 
bond between the bar and concrete.
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(a) RCC25-01 (d) 3.616% at RCC25-01
(b) RCC25-02 (e) 6.594% at RCC25-02
(c) RCC25-03 (1) 5.884% at RCC25-03
80 mm of embedment length 
Figure 4.71 Graphical presentation of the embedded part of the steel bar, before and 
after steel pickling of RCC25 series.
(a) RCC50-01 (d) 13.244% at RCC50-01
(b) RCC50-02 (e) 6.490% at RCC50-02
(c) RCC50-03 (1) 5.307% at RCC50-03
80 mm of embedded part of the bar 
Figure 4.72 Graphical presentation of the embedded part of the steel bar, before and 
after steel pickling of RCC50 series.
Figures 4.71 and 4.72 shows the graphical presentation of the embedded part of the 
corroded bar after steel pickling of RCC25 and RCC50 series. Corroded steel bars 
after steel pickling showed to achieve more than target degree of corrosion in both 
RCC25 and RCC50 series and some of the corrosion was concentrated in the free
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end of the bar. This is thought to be due to exposure of the bar cross-section even 
though it was protected by bitumen paint during the accelerated corrosion period. 
This “localisation” of the corrosion at the end of the bar reduces the overall loss of 
bar section in the main length. However, at worst there is only a relatively small loss 
of rib number (1 of 7 or 8) and the bar end is in a low stress region and so 
contributes little to the total load supported by the bar during the pull-out process, 
see Section 4.3.2 and Figure 4.34. Thus the effect is thought to have relatively little 
impact on the measured bond stress other than its potential to initiate local cracking 
of the cover concrete.
The influence of the degree of corrosion on the bond stress-slip model is proposed by 
a quadratic equation of the maximum bond stress and the residual bond stress based 
on the experimental test results of RCB series at the second experimental test and 
RCC series at the third experimental test as shown in Table 4.70.
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Table 4.70 Rearranged ratios of steel pickling of RCB and RCC series up to the 
weight loss.
Specimen weight loss Ratio of JLlmax Ratio of juf
RCBOO-01 0 0.97 0.30
RCBOO-02 0 1.05 0.38
RCBOO-03 0 0.97 0.24
RCCOO-01 0 0.94 0.23
RCCOO-02 0 1.02 0.29
RCCOO-03 0 1.08 0.45
RCB50-02 1.763 1.21 0.41
RCB25-02 2.499 1.53 0 2 7
RCB50-01 2.65 1.05 0.32
RCB25-01 2.686 1.45 0.29
RCB25-03 2.718 1.21 0.38
RCB50-03 3.525 1.03 0.29
RCC25-01 1,62 1.14 0.21
RCC50-03 5.31 1.12 0.39
RCC25-03 5.88 1.16 0.13
RCC50-02 6.49 1.10 0.02
RCC25-02 6.59 1.10 0.24
RCC50-01 13.24 0.04 0.04
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Figure 4.73 Regression analysis of the steel pickling result of RCB and RCC series 
up to achieved degree of corrosion (weight loss).
Figure 4.73 is the regression analysis results of the steel pickling with the achieved 
degree of corrosion of RCB series at the second experimental test series and RCC 
series at the third experimental test series together. The ratio of the maximum bond 
stress for the achieved degree of corrosion is 1.22 at 3.75 % degree of corrosion in 
83 % of reliability and the residual bond stress has 44 % of reliability without any 
increase. These results suggest that degree of corrosion affects the peak and residual 
bond stress differently in that the peak stress was found to exhibit a maxima value 
whilst the residual strength consistently decreased. This implies that when using 
bond stress-slip models to predict the effect of corrosion on the bond stress up it is 
necessary to use different ratios of the peak bond stress and residual bond stress at 
given degrees of corrosion. It is of note that this result is in contrast with the findings 
reported by Horrigmoe (2003), see Section 2.5.6, who found that the peak and 
residual stress followed the same trend with degree of corrosion. This difference in
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behaviour may reflect differences in the loading scheme employed by Horrigmoe 
relative to that used in this work.
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Figure 4.74 Regression analysis of the steel pickling result of RCB and RCC series 
up to target degree of corrosion (weight loss).
Figure 4.74 is the regression analysis results of the steel pickling with the targeted 
degree of corrosion of RCB and RCC series together. The ratio of the maximum 
bond stress for the achieved degree of corrosion is 1.27 at 2.3 % degree of corrosion 
in 25 % of reliability. The maximum bond stress behaviour up to target degree of 
corrosion had similar in form of the maximum bond stress behaviour up to the 
achieved degree of corrosion. The residual bond stress has 7 % of reliability without 
any increase.
As over all results of steel pickling of RCB and RCC series, the effect of corrosion 
on the bond had different behaviour between the maximum bond stress and the 
residual bond stress. The maximum bond stress increases at low degrees of corrosion
263
Chapter 4_____    Results and Discussion
(0 % to 3.75 %) due to an increase in the effective roughness of the bar by produced 
corrosion products. There is then a decrease in the bond stress due to generated 
longitudinal cracks along the bar (from 3.75 % to 7.5 %) and finally the bond stress 
degreases dramatically at high degree of corrosion (after 7.5 %) due to longitudinal 
cracking along the bar caused by the formation of expansive corrosion products.
4.4.3 Conclusion of the Third Experimental Test Series
The third pull-out experimental test was conducted to assess the effect of corrosion 
on the bond behaviour, and to understand the post-peak behaviour of the bars in 
concrete.
The conclusion of the third experimental test results was as follows;
(1) The fluctuation of the bond stress-slip behaviour observed in the uncorroded 
specimens was consistent with that observed in the previous tests and confirms that 
the effect is both consistent and reproducible.
(2) A modified bond stress-slip model of ribbed bars, taken from the first 
experimental test series, was found to adequate to explain the data from the third 
experimental test series.
(3) The maximum (peak) bond stress behaviour is linked to the strength of the 
concrete in the test specimen but the effect decreases significantly when the concrete 
strength is greater than 25 MPa.
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(4) The steel pickling technique verified the achievement of the target degree of 
corrosion by the measurement of the actual corrosion products formed at the steel 
concrete interface.
(5) The degree of corrosion affects the bond stress behaviour. The maximum bond 
stress increases at low degrees of corrosion and then decreases at high degrees of 
corrosion. However, the residual bond stress appears to simply decrease with 
increasing degree of corrosion.
(6) The ratio of the peak and residual bond stress, as a function of degrees of 
corrosion can be used within the bond stress-slip model to predict the effect of 
corrosion on both peak and residual bond stress.
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CHAPTER 5 
MODELLING OF BAR PULL-OUT BEHAVIOUR
5.1 INTRODUCTION
Chapter 3 and 4 describe the experimental pull-out test methodology and the 
observed previously unreported fluctuation behaviour of the bond stress-slip 
relationship obtained under the displacement control. The residual bond stress during 
the failure process of RC is an important factor in ultimate strength and ductility 
analysis as it influences the lowest possible strength that the material will have from 
a safety and reliability perspective. As noted in the literature review under certain 
conditions structures can survive large displacements without sudden failure. As a 
consequence it is important to develop a FE model (of the pull-out test) that 
adequately reflects the fluctuation behaviour with large displacement (i.e. twice the 
clear rib spacing).
Finite element analysis (FEA) is commonly used to analyse the constitutive 
behaviour of structures. In this chapter non-linear, 2-dimensional (2-D) FEA 
modelling, LUS AS software, has been used to analyse the experimental test results. 
In the experimental test, displacement control was used to provide accurate control 
and to enable access to post-initial failure behaviour. In practice, displacement 
control is relevant to the settlement of piers and foundations, whereas heavy lorry 
loading correspond to load control. In practice the behaviour of many structures will 
be under a mixture of load and displacement control.
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5.2 MODELLING OF ELEMENT FOR BOND EFFECT
Many researchers have studied the effect of bond in concrete using Finite Element 
(FE) analysis. Lundgren and Gylltoft (2000) developed a 3-dimensional FE model of 
bond behaviour using the DIANA FE analysis software system. They found good 
agreement when comparing the results from analyses with the measured response 
from experiments (Lundgren 2005). Jankovic, Kunnath et al. (2002) studied the bond 
slip-mechanism as axisymmetric 2-D using the DIANA FE analysis software, and 
found close agreement between the numerical analysis and experimental. Dekoster, 
Buyle-Bodin et al. (2003) studied the effect of corrosion on the load-deflection curve 
using CASTEM 2000 computation software and the results showed good correlation 
between the FE computation and the experimental studies. It should be noted that in 
all of these studies the peak load was monitored within one millimetre of bar 
displacement and the maximum bar displacement measured was less than 10 mm.
5.2.1 Scale of Modelling
(a ) Concrete (b) Concrete (c) k
A A Concrete Steel
Steel 7
Steel _________E_______
Figure 5.1 Scales of observation in modelling of the steel/concrete interaction; (a) rib 
scale, (b) bar scale, and (c) member scale.
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In general the modelling of the bond of ribbed bars in concrete ean be considered at 
three observation scales; i) rib scale, ii) bar scale, and iii) member scale (Lackner and 
Mang 2003; Kallias 2008), Figure 5.1. The level of modelling can be selected 
depending on the required analysis output. Rib scale modelling refers to the 
observation of single ribs of reinforcement bars for bond performance and localized 
concrete cracking. Bar scale modelling allows consideration of the reinforcement bar 
as well as the surrounding concrete as a continuum. The interaction between the two 
continua is described by means of (nonlinear) bond stress-slip relationship. At the 
member (structural) scale, either a structural component, or a complete structure, is 
modelled for the assessment of global behaviour of the many individual RC elements. 
In this thesis the focus has been on modelling at the bar scale.
5.3 NONLINEAR CONSTITUTIVE MODELS
The FE modelling was based on a quasi-static nonlinear behaviour. The 
nonlinearities may arise from large deflections, large strain, nonlinear stress-strain 
laws, nonlinear boundary conditions and deformation dependent loading (LUSAS 
2008b).
Within the LUS AS program, differed constitutive models are available depending on 
the material properties and analysis types. For modelling of the pull-out test 
described in chapter 3 to 5, LUSAS offers three types of models to model the 
debonding behaviour. These are i) Joint model, ii) Delamination interface model, 
and iii) Full 3-dimensional (3-D) model.
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5.3.1 Joint Model
Joint (or spring) elements may be introduced into the structural idealisation in order 
to model releases, springs or restraints between any two nodes in arbitrary directions. 
Joint elements are available for use in two and three dimensions and comprise a 
range of nonlinear material and boundary condition models. These nonlinear models 
enable the realistic modelling of hardening elasto-plastic compressive and tensile 
joint behaviour as well as contact and friction types of nonlinear boundary condition. 
In practice, joint elements can be used to model structures that require the spring or 
gap, for instance, shear key, restrainer, and expansion joint (LUSAS KOREA 2007b; 
LUSAS 2008b).
5.3.2 Delamination Interface Model
In Finite Element Analysis (FEA) modelling, especially in LUSAS program, 
interface elements can be used at planes of potential delamination to model inter- 
laminar failure between two discrete bodies both during initiation and subsequent 
propagation.
If the strength exceeds the strength threshold value in the opening or shearing 
directions the material properties of the interface element are reduced linearly as 
defined by the material parameters and complete failure is assumed to have occurred 
when the fracture energy is exceeded. No initial crack is inserted so the interface 
elements can be placed in the model at areas of potential delamination where they lie 
dormant until failure occurs (LUSAS KOREA 2007c; LUSAS 2008b). This
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approach is similar to the cohesive zone and crack growth modelling that is used in 
bonded structures (LUSAS 2008a).
5.3.2.1 Fracture modes
(a) (b) (c)
Figure 5.2 Fracture modes used in FEA modelling of delamination; (a) Mode 1 for 
opening (or tearing), (b) Mode 2 for shearing, and (c) Mode 3 for orthogonal 
shearing (or twisting) (LUSAS 2008b).
Three fracture modes (opening in 2-D models, shearing in 2-D models, and 
orthogonal shearing for 3-D models) are used that correspond to possible loads in 
relation to the delamination plane. Figure 5.2 illustrates the three fracture modes 
(LUSAS 2008b).
5.3.2.2 Interface material properties
The delamination interface model is defined from the interface material properties in 
Figure 5.3. The element initially behaves elastically with increasing displacement but 
starts to fail when the strength threshold value is reached, initiation stress, (ai) at 
relative displacement (Sr). Subsequently the stress reduces until it reaches the 
opening distance (So) at which the element has failed (LUSAS KOREA 2007a; 
LUSAS 2008b).
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I
§I
Softening
Fracture energy
Failure
Sr So Displcement
Figure 5.3 Délamination interface model.
The shape of the curve between these key points can vary depending on material and 
modelling assumptions. A bi-linear shape (as shown in Figure 5.3) is a commonly 
adapted idealisation.
The material parameters used in the delamination interface model are defined below;
(1) Fracture energy (G): Measured values, area of triangle in the delamination
interface model, for each fracture mode depending on the material being used.
(2) Initiation Stress (pi): The tension threshold/interface strength at which 
delamination is initiated.
(3) Relative displacement (Sr): The maximum relative displacement is used to define
the stiffness of the interface before failure.
(4) Opening distance (So): The opening distance is used to define the maximum
displacement at the failure of interface.
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The delamination interface element is used to model delamination between two 
discrete bodies in an incremental nonlinear analysis. This element has no geometric 
properties and is assumed to have zero thickness.
5.3.3 Full 3-D Model
A full 3-D model for the pull-out failure seeks to accurately represent the materials 
and geometries of the test setup. This would include an accurate interface model. A 
nonlinear model of this type would be complex to create but should produce the 
closest output data than the joint model or delamination interface model. In this 
model, the mechanical bearing of the interface between the concrete and steel must 
be modelled in geometrically (for example, by taking account of the actual rib 
geometry and the potential of aggregates filling in the gaps) and the elastic and 
plastic properties of the concrete and steel considered for pre-debonding failure 
nonlinearly.
5.4 FE MODELLING OF PULL-OUT TEST
5.4.1 Development of FE Model
As outlined above FE modelling of the pull-out test (described in previous chapters) 
using LUSAS program can be achieved using a Joint (or spring) model, a 
Delamination interface model, or by building a detailed (and realistic) material- 
geometrical model.
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(a) Produced behaviour
(b) Expected behaviour
Slip
Figure 5.4 Bond stress-slip behaviour of pull-out FE model with joint elements; (a) 
produced behaviour, (b) expected behaviour.
The joint model approach is the simplest to create and analyse the shear failure by 
nonlinear elasto-plastic joint element with isotropic hardening. Initial trials with a 
simple pull-out FE model (with joint elements) showed that the initial bond 
behaviour was correctly monitored including plastic behaviour up to the maximum 
bond stress, Figure 5.4. However, the predicted post-debonding behaviour was 
observed to be constant at the maximum bond stress which means the maximum 
bond stress is equal to the residual bond stress. The joint model was built with 
parameters of elastic spring stiffness is 3.7 N/mrri ,^ yield force is 5.2 N, and 
hardening stiffness is 1 x 10'  ^ N/mm^. The behaviour beyond the maximum bond 
stress could be improved by using non-linear springs, i.e. springs which have a 
reduced second stage stiffness. However, the appropriate values for spring stiffness 
could only be obtained by trial and error, and would have been dependent on mesh 
size. Therefore, the joint model approach was not pursued further in modelling the 
pull-out test arrangement tested here.
273
Chapter 5______________________  Modelling of Bar Pull-Out Behaviour
A full 3-D model for the pull-out failure has not only very high geometrical 
complexity of the interface between the concrete and deformed bar but also requires 
the application of elastic, plastic, and damage material properties. This complexity 
causes potential difficulty for FE modelling with no guarantee of any increase in the 
accuracy of the prediction produced. As a consequence of this, and due to limited 
time and resource, it was decided that the full 3-D model would not be undertaken in 
this work.
A delamination interface model for the pull-out failure has moderate complexity, 
both geometrically and materially, but requires a pre-determined knowledge of 
fracture behaviour of the material. Given the available experimental data from the 
pull-out testing completed in Chapter 4 it is possible to derive these parameters. 
Therefore, a delamination interface element of the fluctuation of bond stress-slip 
behaviour has been designed, based on the pull-out test results of RCB6 series from 
the second experiment of test program, see Section 4.3.1.
5.4.2 Geometry and Boundary Conditions of Pull-Out Test
The FE model developed represents one “half’ of the experimental test specimen, 
taking advantage of the specimen’s bilateral symmetry, see Figure 3.1 (full test 
setup). As a consequence, the diameter of steel bar is 8 mm and the concrete cover is 
92 mm at the base surface and 87 mm at the reaction surface, due to a gap of 5 mm 
over the unbonded length (/„) of 120 mm between concrete and bar as shown in 
Figure 5.5. In the experimental test, the total length of the steel bar used was 500 mm 
due to the need for a secure mechanical grip of the bar in the loading machine, see 
Section 3.2.1.1. However, in the FE model, a length of bar for mechanical gripping
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was not necessary, therefore, a 240 mm of the bar length was modelled, as this was 
the measurement location of the top slip.
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Figure 5.5 Geometry and boundary conditions of a half size FE model of pull-out
test in 2-D (in mm).
The support condition at the reaction surface is fixed in the vertical (y) direction and 
free in the horizontal (x) direction to allow concrete expansion without friction, see 
Section 2.4.1.5. In the experimental test, PTFE material was used between the 
reaction area of concrete and test steel frame, see Section 3.3.2.2. The support 
condition at the middle of the embedded steel bar along the vertical length is fixed in 
the horizontal (x) direction and free in the vertical (y) direction because the 
experimental specimen has bilateral symmetry.
In the experimental test, the extension of the bar over the monitored length of 240 
mm reached a maximum value of around 26 mm. Therefore, a maximum of 26 mm of
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displacement in the y-direction was applied at the loaded end of the bar in the FE 
analysis (LUSAS KOREA 2009).
5.4.3 Development of Delamination Interface Model
Slip(s)Slip (s)
(a) (b) (c)
Figure 5.6 Analytical approach for the fluctuation behaviour; (a) experimental output 
of bond stress-slip behaviour, (b) divided into 3 schematic bond stress-slip curves, 
(c) concept of delamination interface model in a parallel arrangement.
The delamination interface model in LUSAS program needs to be adapted to 
represent the fluctuation of the bond stress-slip behaviour observed in the 
experimental pull-out test. Figure 5.6 (a). Three peak bond stresses (PI, P2, and P3) 
with slip were commonly observed in each specimen. Therefore, it was decided to 
model the analytical approach of the fluctuation behaviour using three bond stress- 
slip curves (Pi^(s,p), P2^(s,p), and P3^(s,p)) with progressively reduced strength and 
stiffness characteristics connected in parallel. Figure 5.6 (b) and (c). The general 
analytical approach used was suggested by Dr. P Mullord (University of Surrey) 
(2010).
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DlEl
P2
D1E2
HE3
So2 Slip
Intersection area 
ofDIEl andPIE2
b) Intersection area o f DIE2 and DIE3
Figure 5.7 Design concept of délamination interface model for the fluctuation
behaviour.
The above concept for delamination interface was implemented using three 
delamination interface elements (DIEl, DIE2, and DIE3) connected in a parallel 
arrangement. Each consists of an idealised bi-linear bond stress-slip curve (Pi(s,p), 
P2 (s,|i), and P3(s,p)), Figure 5.7. Total fracture energy (G) must be equal to the sum 
of all areas of delamination interface elements following the energy balance 
principle (G = area of (DIEl + DIE2 + DIE3)).
According to the energy balance principle, the parameters (initiation stress and 
opening distance) of each delamination interface elements are required to be satisfied 
as described below. Figure 5.8.
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a
(b)
DIEl
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D1E2 I
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ii
(d)
D1E3
Figure 5.8 Delamination interface model including the influence of subsequent 
delamination interface elements; (a) Delamination interface model, (b) DIEl, (c)
D1E2, and (d) D1E3.
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Peak bond stress (PI, P2, and P3) at a relative slip {sri, Sr2, and Srs) is the sum of all 
bond stress at each delamination interface elements;
PI — P-TSrl = POlSrl + P02Srl + P-DSSrl (cquatlon 6.1)
P2 = )LlTSr2 -  |LlD2Sr2 + PD3Sr2 (cquatlon 6.2)
P3 — ptsf3 “  PD3Sr3 (cquatlon 6.3)
Where, pisri is the total bond stress (PI) at a relative slip of DIEl (sri),
PDisri is the peak bond stress of DIE I,
PD2 Sri is the bond stress of DIE2 at a relative slip of DIEl (sri),
PD3Sri is the bond stress of DIE3 at a relative slip of DIEl (sri), 
pisr2 is the total bond stress (P2) at a relative slip of DIE2 (Sr2),
Po2 Sr2  is the peak bond stress of DIE2,
Po3Sr2  is the bond stress of D1E3 at a relative slip of D1E2 (Sr2), 
pisr3 is the total bond stress (P3) at a relative slip of DIE3 (srs),
Po3 Sr3 is the peak bond stress of D1E3.
According to the energy balance, the required fracture energy ( G r )  from si to s% may 
be obtained as the sum of all contributing areas from each of the delamination 
interface elements;
Or E Atot = ^  Ajj^  (equation 6.4)
i
/=  1,2, and 3 
=  A di +  A d2 +  A d3
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-  2  ‘ (*^2 ~  *^ 1 )  '  (^ D h  l +  /^Dis2  )
Where, Atot is the total required fracture energy from si to S2 , i is the number of 
delamination interface element, Am is the area of delamination interface elements 
from Si to S2 , poisi is the bond stress of delamination interface elements at si, poisi is 
the bond stress of delamination interface elements at S2 .
DIEl
DIE2
I  DIE3
Figure 5.9 Modified delamination interface model for the fluctuation behaviour.
This approach was taken to consider that the intersection areas between delamination 
interface elements (DIEl and DIE2, DIEl and DIE3, DIE2 and DIE3) were 
accumulated to leading elements due to the parallel arrangement. These intersection 
areas (or intersection fracture energy) modified the parameters of the each element 
because of the energy balance principle. Therefore, the delamination interface model 
for the fluctuation behaviour was modified based on the influence of these 
intersection areas. Figure 5.9. Additionally, DIE3 is the last element so the initiation 
stress (pDssrs) and the opening slip of DIE3 (Sos) remained constant.
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5.4.4 Determining the Parameters of the Delamination Interface Model
In this section, the RCB6 series of tests will be used to determine appropriate 
numerical values for the delamination set of elements. The starting point will be the 
collection of peak bond stresses and corresponding slip values from the tests. As 
shown in section 4.3.1, there are three points with locally maximum stress values (PI, 
P2, and P3). The numerical values are given in Table 5.1, together with mean and 
standard deviations.
Table 5.1 Statistical analysis for peak bond stress and corresponding slip (RCB6 
series).
Specimen
PI P2 P3
Bond
stress slip
Bond
stress slip
Bond
stress slip
RCB6-0I 20.82 1.86 7.56 12.40 3.82 19.69
RCB6-02 22.30 1.76 8.18 14.13 5.33 22.66
RCB6-03 19.75 2.10 7.19 12.10 5.14 20.83
RCB6-04 16.28 1.97 5.19 12.18 3.23 23.37
RCB6-05 19.36 1.32 6.20 11.62 3.56 22.63
RCB6-06 20.20 1.66 7.16 10.26 3.99 20.96
Mean 19.79 1.78 6.91 12.12 4.18 21.69
S.D.* 1.83 0.25 0.97 1.14. 0.78 1.29
CoV* 0.09 0.14 0.14 0.09 0.19 0.06
(* S.D. = standard deviation, * CoV = coefficient of variation)
In addition to the local maximum, for the delamination interface model there is a 
need to determine the opening distance (j^), i.e. the slip at zero traction. In order to 
achieve this, it was decided to collect the bond stress values at specified 
displacements which were, on average, close to the troughs of the experimental bond
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stress-slip curve. These are summarised in Table 5.2, where the values at 9 mm, 18 
mm, 26 mm correspond to the first, second trough and test slip end respectively. 
Although these pre-selected displacement values do not correspond to the exact 
minimum, they are a reasonable common set across the six test curves. These values 
also take account of the clear rib spacing.
Table 5.2 Statistical analysis for the bond stress at the considered slip (RCB6).
Specimen
Bond stress 
at 9 mm {MPa)
Bond stress 
at 18 mm {MPa)
Bond stress 
at 26 mm {MPa)
RCB6-01 7.29 3.75 2.10
RCB6-02 6.91 4.46 3.40
RCB6-03 6.78 4.29 3.37
RCB6-04 5.12 3.00 1.67
RCB6-05 6.19 3.29 2.35
RCB6-06 7.11 3.74 2.18
Mean 6.57 3.76 2.51
S.D.* 0.73 0.51 0.65
CoV* 0.11 0.14 0.26
(* S.D. = standard deviation, * CoV = coefficient of variation)
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DIEl
P2(6.91,12.12)
(6.57,9) P3(4.18,21.69)
D1E2
(3.76,18)
Slip
Figure 5.10 Delamination interface model based on the statistical results of RCB6
series specimens.
Figure 5.10 is the initial delamination interface model with parameters based on the 
statistical results of RCB6 series specimens as given in Table 5.1 and 5.2. The 
opening distances for each delamination interface element (soi, So2, and S03) were 
derived by extending the linear segments down to the slip axis. Table 5.3 summaries 
the material parameters for the delamination interface model consisting of three 
delamination interface elements (DIEl, D1E2, and DIE3), together with the fracture 
energy calculated as the area of the relevant triangles.
Table 5.3 Material parameters of delamination interface model.
1 DIEl DIE2 D1E3
Fracture energy (N/mm) 124.58 100.05 68.30
Initiation stress (MPa) 19.79 6.91 4.18
Relative displacement (mm) 1.78 12.12 21.69
Opening distance (mm) 12.59 28.71 32.68
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Figure 5.11 Energy balance of modified delamination interface model at each 
section; (a) required fracture energy, (b) area of elements, (b) first intersection area 
by next element (b) second intersection area by after next element.
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The material parameters for the delamination interface model were given in Table
5.3 then modified to take into account the influence of the common areas between 
DIEl, DIE2, and DIES. The process of determining the modified parameters is 
explained in Figure 5.11. Figure 5.11 (a) shows the assembled ‘three element’ 
delamination model, which now has to be broken down into its three constituent 
parts. Thus, as shown in Figure 5.11 (b) to 5.11 (d), the parameters are adjusted 
bearing in mind that the energy balance in each of the three segments (0 to 9 mm, 9 
mm to 18 mm and 18 mm to 26 mm) must be maintained. The energy balance was 
maintained within an acceptable approximation, which was of the order of 5 %. 
Specifically, in section 1 the sum of energy contribution from DIEl, D1E2 and DIES 
is 4.6 % lower than the original value. Corresponding values for section 2 and S are
S.5 % and 0 %.
(4 .18,21.69)
(2.51,26)
D1E3
D1E2
32.68(0.34,1.78) (1.73,9)
■(18.78,1.78)
D elam ination interface m odel
M odified delamination interface elem ents 
(D IE l, D1E2, and D1E3)
(3 .39 ,9)
-(4 .57 ,12.12)
Figure 5.12 Modified delamination interface model including the influence of 
subsequent delamination interface elements.
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This process leads to the values shown in Figure 5.11 and the corresponding 
separated interface element (DIEl, D1E2 and DIES) are shown in Figure 5.12. This 
figure also presents the original assembled model which served as the starting point 
for this process. The final parameters employed in the FE model are summarized in 
Table 5.4.
Table 5.4 Modified parameters of the delamination interface model.
DIEl D1E2 DIES
Fracture energy {N/mm) 84.51 41.IS 68.S0
Initiation stress {MPa) 18.78 4.57 4.18
Relative displacement {mm) 1.78 12.12 21.69
Opening distance {mm) 9 18 S2.68
5.4.5 Application of the Delamination Interface Model in FEA
A half of the experimental specimen was modeled in 2-D FE model by LUSAS 
program. Three delamination interface elements (DIEl, D1E2, and DIES) were 
applied along the embedded length and each element has its own separate region in 
equal length to produce the fluctuation of the bond stress-slip behaviour in the pull- 
out test as shown in Figure 5.IS (a). The full set of numerical values for the three 
interface element is given in Figure 6.11 and Table 6.4.
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(a)
Figure 5.13 Application method of the delamination interface model to FE model; (a) 
Arrangement of the delamination interface elements, (b) Visualised delamination 
interface in mesh with observation nodes.
Figure 5.13 (b) shows the deformed mesh and delamination interface elements after 
applied displacement as a loading in the FE analysis of pull-out test. For 
visualisation of the delamination interface model, shown in Figure 5.13 (b), a 10 mm 
gap has been applied between the concrete and steel. However during the analysis 
this gap was removed so that it did not have any effect on the results.
For the mesh of element, the structural element type is in the plane stress, element 
shape is in quadrilaterals, and interpolation is linear with a regular mesh. It was
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decided to use 12 divisions per element in the FE model to help improve the 
accuracy of the data, Figure 5.13 (b).
5.4.6 Analysis of FE Modelling of Pull-Out Test
Observation points on the FEA of the pull-out test are i) the production of the 
fluctuation of the bond stress-slip behaviour, ii) peak stress at slip, iii) deformation of 
the concrete and bar, and iv) influence of the debonding behaviour on the concrete 
cover.
Figure 5.14 (b) shows the results of the variation of bond stress with end slip 
(observed at node A) and top slip (observed at node B), see Figure 5.13 (b), 
determined by the FEA of the pull-out test corresponding to observed experimental 
result. Figure 5.14 (a), and a clear fluctuation of the bond stress behaviour is 
observed. These FEA results are within one standard deviation of the statistical 
results of the experimental peak stresses, see Table 5.2. This suggests that the input 
parameters used, and the arrangement of elements chosen, are capable of 
reproducing the real behaviour.
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Figure 5.14 Bond stress-slip results; (a) Bond stress vs. end slip results of 
experimental test of RCB6 series, (b) FE analysis of pull-out test.
In the experimental test, applied compression on the concrete specimen causes 
sideways expansion of the concrete. A PTFE sheet was used between the reaction 
surface of the concrete cube and the contacted steel frame plate to allow free 
expansion of the concrete specimen and hence reduce any restraint of the concrete by 
friction, see section 3.3.2.2. The FE analysis predicts a transverse concrete expansion 
of 0.23 mm, observed at node E, see Figure 5.13 (b), at the maximum bond stress so
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the use of a PTFE sheet to enable sideways movement during the experimental phase 
of the work appears to have been prudent.
Elastic extension of the steel bar (4) during the test was expected and causes 
difference values between the end and top slip at the same bond stress. Based on 
statistical analysis of the experimental results of the RCB6 series of specimens, the 
estimated elastic extension of the steel bar at maximum bond stress is 0.32 mm (by 
equation 3.6) which compares reasonably well with the 0.29 mm predicted by the FE 
analysis.
According to the FE analysis results of the pull-out test, the longitudinal deformation 
of the concrete cube in y direction was 0.17 mm, observed at node C, see Figure 5.13 
(b), at the contact surface of the steel bar on the base surface of the test specimen and 
- 0.06 mm, observed at node D, see Figure 5.13 (b), at the edge of the concrete 
specimen on the base surface of the specimen. The estimated concrete deformation at 
the maximum bond stress of RCB6 series is 0.012 mm (by equation 3.7), see Section 
4.3.1. This value lies between the two “extremes” predicted by the FE analysis.
In the experiments, 92 mm of cover depth of the concrete specimen was used which 
was >5  ^ , 16 mm, for confined condition recommended by CEB-FIP model code
(Comite Euro International du Beton 1992), see Section 2.4.2.4. According to Figure 
5.15 (b), the plane stress distribution at the maximum bond stress, observation point 
A, see Figure 5.15 (a), indicated that the influence of the stress was around the inner 
half of the concrete cover depth. The maximum stress (72.6 N/mm^) was only 
occurred small part of embedded surface of the bar and minimum stress (0.1 N/mm^) 
was observed around half outer cover depth of the concrete specimen. This result
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helps to confirm that the confined condition was achieved through providing large 
cover depth of the concrete specimen (92 mm > 5 (Z), 80 mm).
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Figure 5.15 Plane stress distribution of the FE model of the pull-out test; (a) 
Observation points in the delamination interface model, (b) Plane stress distribution 
at A, (e) Plane stress distribution at B, (d) Plane stress distribution at C.
At the maximum bond stress observed at A, see Figure 5.15 (a), the influence of the 
stress was around a half over the eoncrete depth. At the first trough, observed at B, 
the maximum stress (17.9 N/mm^) and influenee was reduced. Figure 5.15 (e), and
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third peak bond stress, observed at C, indieated that the influenee of the stress was 
dramatically reduced. Figure 5.15 (d). This again eonfirms that this non-linear FE 
model is eapable of reproducing the real behaviour eaptured from the experiments.
Overall the results of FE analysis of pull-out test were encouraging. The predicted 
fluctuation of the bond stress-slip behaviour was similar to that measured 
experimentally. In the experimental test, the results approved that the clear rib 
spacing of the steel bar caused the fluctuation of the bond stress-slip behaviour. In 
the FE analysis of pull-out test, relation between the fluctuation behaviour and the 
clear rib spacing of the steel bar was also verified. The transverse eoncrete 
deformation was predicted and the result suggests that using PTFE material in 
reaction surface was a sensible choice. Longitudinal deformation of concrete cube 
and elastic extension of the steel bar were also observed in the FE analysis and were 
reasonably close to the results of experimental test.
5.5 VERIFICATION OF PROPOSED FE BOND MODEL
The FE bond model, with three delamination interface elements over large 
displacement, proposed in this thesis reflects with reasonable accuracy the 
experimental data of the pull-out tests undertaken. In the existing literature, the 
observed bond stress-slip behaviour obtained using load control generally has only 
one peak in the bond stress slip curve and so there is currently no other available data 
against which the proposed model can be verified. As a consequence it was decided 
to verify the basic approach of the proposed FE bond model by apply a single 
delamination interface element to existing data from the literature. The experimental
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and FE analysis data used the results of Lundgren’s researeh (Lundgren 2005). 
Maximum and residual bond stresses at the end slip were eoncerned in this analysis.
5.5.1 Determining the Parameters of Single Delamination Interface Model
Lundgren (Lundgren and Gylltoft 2000; Lundgren 2005) develops FL bond model 
using DIANA FL analysis program based on experimental results of Balazs and 
Koch and corresponding bond stress-slip behaviour is presented in Figure 5.16. The 
parameters of single delamination interface model employed in the FL model are 
summarized based on the energy balance principle (see Section 5.4.3) in Table 5.5 
from the experimental data presented in Figure 5.16. Concrete specimen with 
vertically embedded 16 mm ribbed bar has a quadratic cross-section 160 x 160 mm 
and an embedment length of 80 mm. The eoncrete strength was taken to be 32 MPa 
and the stiffness was taken to be 29.4 GPa.
10 12 14
Slip (mm)
Figure 5.16 Bond stress verse slip in pull-out tests (cited by Lundgren 2005).
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Table 5.5 Material parameters of single delamination interface element.
DIE
Fracture energy {N/mm) 99^
initiation stress {MPa) 16.2
Relative displacement {mm) 1.7
Opening distance {mm) 12.3
5.5.2 Application of the De lamination Interface Model in FEA
V V V V
i>
t>
<1
<1
dl
dl
d l
d l
dl .
92
(a)
0
1
L
I
J
E
(b)
Figure 5.17 Half size FE model of pull-out test in 2-D; (a) Geometry and boundary 
conditions and (b) Meshed FE model.
A half of the experimental specimen was modeled in 2-D FE model by LUS AS 
program, Figure 5.17. Single delamination interface element (DIE) was applied 
along the embedded length (80 mm) to produce the bond stress-slip behaviour in the
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pull-out test, see Seetion 5.4.5. For the mesh of element, the structural element type 
was selected to be in plane stress, the element shape was in quadrilaterals, and 
interpolation was linear with a regular mesh. It was decided to use 12 divisions per 
element in the FE model.
5.5.3 Analysis ofFE Modelling of Pull-Out Test
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Figure 5.18 Bond stress-slip results.
According to the FE analysis results of the pull-out test, the maximum bond stress 
was 16.5 MPa at the slip of 18.6 mm and the residual bond stress was 3.5 MPa at the 
slip of 10 mm. Compared with the measured response from experiment and 
numerical analysis, the agreement is quite good. Figure 5.18. The failure mode is the 
same as in experiment in the analyses carried out.
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Figure 5.19 Plane stress distribution of the FE model of the pull-out test; (a) Plane
stress distribution at the maximum bond stress and (b) Plane stress distribution at the
residual bond stress at the slip of 10 mm.
According to Figure 5.19 (a), the plane stress distribution at the maximum bond 
stress, indicated that the influence of the stress was around the inner half of the 
concrete cover depth. The maximum stress (64.0 N/mm^) only occurred at a small 
part of the embedded surface of the bar and a residual stress (13.7 N/mm^) was 
observed at the slip of 10 mm. Figure 5.19 (a) and (b). This result helps to confirm 
that the confined condition was achieved through providing large cover depth of the 
concrete specimen but less than recommendation by model code (71 mm < 5^, 80 
mm). The bond model can also describe the behaviour for shear failure and 
reasonably good agreement with experiment was found. As a consequence, the 
proposed FE bond model can be successfully applied to the general types of shear 
failure of the pull-out test with the application of the single delamination interface 
element.
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5.6 CONCLUSIONS
The pull-out test has been suceessfully modelled using a nonlinear, 2-D FE approach 
that uses a delamination interface model and simplified shear failure in the interface 
of the concrete and embedded steel bar.
The conclusion of the modelling of bar pull-out behaviour results was as follows;
(1) The delamination interface model was created by connecting three delamination 
interface elements (DlEl, D1E2, and D1E3) in parallel to realize the fluctuation of 
the bond stress-slip behaviour and the results reflect the fluctuation in bond stress- 
slip behaviour observed experimentally.
(2) Pre-determined parameters of the delamination interface model were derived 
from the statistical analysis of the test results of the RCB6 series of specimens 
including influence of subsequent delamination interface elements.
(3) Longitudinal deformation of the concrete cube and elastic extension of the steel 
bar were clearly monitored and the results were similar to that observed 
experimentally suggesting that model was capable of capturing the behaviour of the 
specimen.
(4) The FE model confirmed that the determination of the depth of cover concrete 
over the steel bar for confined condition (> 5 ^  recommend by CEB-FIP model code 
90 was adequate.
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(5) The FE model of pull-out test with the delamination interface model, developed 
in this chapter is straightforward and has potential for more generic application to the 
study of the fluctuation behavior of the bond stress-slip relationship.
(6) The proposed FE bond model can be successfully apply to the general types of 
shear failure of the pull-out test with the application of the single delamination 
interface element.
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CHAPTER 6 
CONCLUSIONS
6.1 OVERVIEW
Experimental tests of bar pull-out under displacement control have confirmed that 
the bond stress-slip behaviour at large displacement shows reproducible and 
consistent variations that are linked to the bar rib spacing. This effect has not been 
reported previously. The use of displacement control increases the measurement 
sensitivity and allows the on-going failure processes to be monitored in a manner not 
possible when using the load control arrangement specified in the model code. Good 
correlation was found between the bond stress verse slip measured by EVDT’s and 
the corresponding strain verse slip measured by strain gauges mounted on the 
(modified) steel bar. This confirms that the effect is not a measurement artefact. The 
behaviour observed experimentally has been reproduced using a non-linear, 2-D FE 
analysis incorporating three delamination interface elements placed in parallel.
This research has contributed to an improvement in the understanding of the local 
bond stress-slip relationship of steel bar under confined conditions in concrete and 
the effect of corrosion on the bond behaviour. A meso-scale approach, based on local 
bond-slip relations, has been used to model the post-peak behaviour of steel bar in 
concrete and provide a modified bond stress-slip model that captures the observed 
behaviour.
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The observed bond stress-slip behaviour at the large displacement carries 
implications for the potential robustness of structures under some conditions, such as 
the failure of the Sampoong department store in 1995.
6.2 MODIFICATION OF BOND STRESS-SLIP MODEL
(1) The modified bond stress-slip model of ribbed bars from the first experimental 
test series matched the observed fluctuation behaviour during the second 
experimental test series. The bond model proposed by the FIB Task Group Bond 
Models fitted the experimental behaviour less well than the modified bond stress-slip 
model.
(2) The bond stress-slip model of plain bars was modified based on the first 
experimental test series due to the different post-peak behaviour and more than 30 % 
different from CEB-FIP model code 90. Therefore, values of model code parameters 
were determined to provide a good fit.
(3) The bond stress-slip model of uncorroded ribbed bars was modified based on the 
first experimental test because the fluctuation behaviour of the bond stress-slip and 
the suggested bond stress-slip model by CEB-FIP model code 90 was not adequate to 
explain this fluctuation.
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6.3 INFLUENCE OF BAR CORROSION ON BOND BHEAVIOUR
(1) The degree of corrosion affects the bond stress behaviour. As noted in previous 
studies, the maximum bond stress increases at low degrees of corrosion and then 
decreases at high degrees of corrosion. However, the residual bond stress as defined 
in this study decreases with increasing degree of corrosion.
(2) The measured ratio of the peak and residual bond stress as a function of degrees 
of corrosion can be used in the bond stress-slip model to predict the effect of 
corrosion on both the peak and residual bond stress.
6.4 DEVELOPMENT OF STRAIN DISTRIBUTION DURING PULL-OUT TEST
The development of non-linear strain distribution along the steel bar during the pull- 
out testing was studied to help understand the local bond and strain relations. The 
main outcomes were;
(1) The observed strain distribution of the uncorroded ribbed bar showed the 
expected behaviour and was similar in form to the strain distribution predicted from 
elastic theory.
(2) The installation of the strain gauges in the groove by modification of the bar 
cross-section was found to help prevent any damage of strain gauges/wire during 
specimen manufacture and testing. The methodology developed represents a viable 
route by which the strains within bars subject to pull-out over large displacement
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(>twice the rib spacing) can be measured and is simpler and less costly than the 
method developed by Scott and Gill (1987).
6.5 FE MODELLING OF BAR PULL-OUT BEHAVIOUR
The pull-out test was successfully modelled using FE analysis using a delamination 
interface model and assuming a simplified shear failure at the interface of the 
concrete and the embedded steel bar. The approach relies on the availability of a 
number of parameters that may be obtained from experimental test data.
(1) The results of the FE analysis suggest that the fluctuation behaviour of the bond 
stress-slip relationship observed experimentally can be modelled to a reasonable 
degree of aecuracy using three delamination interface elements arranged in parallel.
(2) The transverse expansion of the concrete predicted by the FE analysis was in 
good agreement with that measured experimentally. This confirms the important of 
using a PTFE sheet between the reaction area of concrete and test steel frame during 
the experimental testing.
(3) The longitudinal deformation of the concrete and the elastic extension of the steel 
bar predicted by the FE analysis were similar to the values measured experimentally 
lending further support to the proposed model.
(4) The FE model confirmed that the determination of the depth of cover concrete 
over the steel bar to ensure confined conditions (> 5 ^  recommended by the CEB- 
FIP model code 90 was acceptable.
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6.6 RECOMMENDATIONS FOR FURTHER WORK
The Sampoong department store catastrophically collapsed under the extreme 
condition (on going structural alteration caused a load of four times the original 
design load). Despite this the strueture demonstrated large displacements (up to 10 
cm widened crack) prior to collapse. The results of this study supports that the 
residual capacity (post-peak strength) of the structure contributes to the structural 
safety in the extreme condition. Current design code coneerns only up to peak bond 
stress-slip behaviour. However, improving understanding of the mechanical 
modelling of the bond stress-slip behaviour with large displacement (including post­
peak behaviour) helps better understand possible residual capacity that may apply to 
the design code to help build a robust and safe structure.
The fluctuation of the bond stress-slip model in uncorroded and corroded condition 
of the embedded bar was clearly verified through the experimental test results. A 
simplified bond stress-slip model has been built by regression analysis and the use of 
a statistical mean curve. Further work eould usefully confirm this approach and 
establish more accurately the required parameters.
The influence of the degree of corrosion on the residual bond stress behaviour was 
studied. However, the reliability of the data obtained was rather low and further 
experimental data could be obtained to confirm the relationship.
This approach could be extended to study how rib pattern, spacing etc can influence 
the ductility behaviour of structures in the post-peak region.
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The FE model of pull-out test with the delamination interface model, developed in 
Chapter 5 is straightforward and has the potential for more generic application to the 
study of the fluctuation behavior of the bond stress-slip relationship. Therefore, 
further study is required to investigate how the inclusion of the delamination 
interface model might be used to better understand the reliability of a structure under 
extreme conditions.
The current FE model requires pre-determined (input) parameters with no physical 
meaning (in a manner similar to the core for many non-linear FE models). Currently 
it cannot link the input parameter to the physical parameter and it would be useful to 
overcome this issue.
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APPENDIX A: TARGET DEGREES OF CORROSION
A. 1 First Series of Experimental Tests
At the first experimental test series, accelerated corrosion method was applied to 
study on the effect of corrosion on the bond behaviour and target degrees of 
corrosion were 0 % (uncorroded), 2.5 % (pre-cracking stage), 5 % (cracking stage), 
and 10 % (post-cracking stage) of loss of bar cross-section.
According to equation 2.31, the mass of steel consumed at 2.5 % of target degree of 
corrosion is;
«2 5  = - ^ ^ ^ x 8 0 x 0 . 0 0 7 8 x 0 . 0 2 5  = 3 . 1 g
Up to the target degrees of corrosion, the consumed mass of steel {m) is presented in 
Table A.l The corrosion current at 2.5 % of target degree of corrosion can be 
calculated by equation 3.3 by the inserting the specific value of m and t from Table 
A.I.
f;; = — — — r  = 0.0H3A = U.3mA
25.07x1.25x7
The corrosion current density of 2.5 % of target degree of corrosion is calculated by 
equation 3.2 and all the other data results up to target degrees of corrosion are as 
shown in Table A.I.
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/  = 0 .0 0 0 0 0 3 5 6 2 ! / wm" =356uAlcm^
■ ;rx 16x80
Table A. 1 shows required corrosion period up to degrees of eorrosion. In the case of 
10 % degree of corrosion, required period is 5 weeks and applied corrosion current 
and corrosion rate is 14.3 mA and 356 juA/cm^ for single 200 mm concrete cube 
specimen. This corrosion rate is 356 times higher than the high corrosion rate in the 
nature (1 /jA/cm^). Required time for the 10 % degree of corrosion in 16 mm bar at 
the high corrosion rate is about 35 years, see Section 2.5.4.
Table A.l Corrosion current and corrosion current density up to the target degrees of 
corrosion for single 200 mm concrete cube specimen.
Degree of 
corrosion
Consumed 
mass of steel
Required
time
Penetrate
depth / I c o n
(%) (g) (week) {mm) (mA) (fjA/crr^)
2.5 3.14 1.25 0.10 14.3 356
5 6.37 2.5 0.21 14.3 356
10 12.65 5 0.41 14.3 356
Icornio = 356 jjA/cm in 5 weeks by accelerated eorrosion rate
Icorr,io=  1 f jA /c m ^  at high corrosion rate in the nature
12.6x10"10
;rx l.6x8  ;rxl.6x8x25.07xf
. ,. , ,  12.65x10*■:iio(vanA) =
25.07x?
.'. t (in day at high corrosion rate) = 12444.9 day s  35 years
(from equation 3.3) 
(from equation 3.2)
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A.2 Second Series of Experimental Tests
At the second experimental test series, three degrees of eorrosion were selected 
based on the loss of bar eross-section of 0 % (uncorroded), 2.5 % (pre-cracking 
stage), and 5 % (cracking stage).
Aceording to equation 2.31, the mass of steel consumed at 5 % of target degree of 
corrosion is;
« , -c,,
7T X  1 6 ^
m, ! ^ x  80x0.0078 X 0.05 = 6.3g
Up to the target degrees of corrosion, the consumed mass of steel (m) is presented in 
Table A.2. The corrosion current (/ mAmp) at 5 % of target degree of corrosion can 
be calculated by equation 3.2 by the inserting the specific value of m and t from 
Table A.2.
^ -----637----- ^  0.00596^ = 6mA
25.07x6x7
The eorrosion eurrent density {Icon in inA/cn?) of 5 % of target degree of corrosion is 
calculated by equation 3.3 and all the other data results up to target degrees of 
corrosion are as shown in Table A.2.
4^5max= =0.00000148X/mm^ =148/^/c/w"
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forr.S .m in
0.006
;rxl6x500
lAiLiAlcm'
Table A.2 Corrosion current and corrosion current density up to the target degrees of 
corrosion for single 200 mm concrete cube specimen.
Degree of 
corrosion
Consumed 
mass of steel
Required
time
Penetrate
depth / I  corr,max Icorr.min
(%) (g) (week) {mm) {mA) {jLiA/cm^ ) {juA/cm^)
2.5 3.14 3 0.10 6 148 24
5 6.37 6 0.21 6 148 24
The accelerate corrosion period to achieve 5 % of corrosion level was 6 weeks using 
an applied corrosion current of 5.96 mA. In the accelerated electric corrosion method, 
maximum corrosion current density is 148 pA/cir? and is around 50 % higher than 
the limit of artificial high corrosion rate. However, minimum corrosion current 
density will be 24 pAJcrr^ that is around 75 % lower than limit. The actual corrosion 
current density will be between maximum and minimum corrosion current density in 
Table A.2. Therefore, the corrosion current in Table A.2 will be used for the 
accelerated eorrosion of the ribbed bar without concerning thermal effects.
Applied corrosion rate of accelerated electrochemical corrosion method was 148 
IjA/cm for the second pull-out experimental test. According to Table A.2, achieving 
5 % degree of corrosion by accelerated corrosion method was required 6 weeks. 
Required time for the 5 % degree of eorrosion in 16 mm of the bar at the high 
corrosion rate in the nature (1 juA/cm^) according to Broomfield (1997) is about 17 
years without a initiation stage, see Section 2.5.4. It means that applied accelerated 
corrosion method was 148 time faster than the high corrosion rate.
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Icon, 5 =148 pA/crr^ in 6 weeks by accelerated corrosion rate 
I c o n ,5  = 1 jjA/crr? at high corrosion rate in the nature 
t  &3xlO" (from equation 3.3)
;rx l.6x8  ;rxl.6x8x25.07x^
. 6.3x10"
15 (m uA) = ----------  (from equation 3.2)
25.07 xf
.*. t (in day at high eorrosion rate) = 6222.4 day s  17 years
A.3 Third Series of Experimental Tests
At the third experimental test series, three degrees of corrosion were selected based 
on the loss of bar eross-section of 0 % (uncorroded), 2.5 % (pre-cracking stage), and 
5 % (eracking stage).
Target degrees of corrosion at the second experimental test series were not achieved 
due to a number of reasons, see Section 4.3.7. However, this was the result of 
practical issues that arose during the application of the accelerated corrosion method. 
Therefore, during the third experimental test series the same corrosion rate was 
applied (to achieve the required target degrees of corrosion) but extra care was taken 
to ensure that the applied voltage and current were as required. Table A.2, see 
Appendix A.2.
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APPENDIX B: DEVELOPMENT OF CONCRETE STRENGTH AND STIFFNESS
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Figure B.l Development of concrete cube strength vs. age based on all experimental
specimens.
Figure B.l shows the development with time of the measured cube strength of all the 
concrete mixes used to manufacture pull-out specimens. Typical concrete strength 
development is presented in the mean concrete strength curve {fc = 6.6 In(age) + 16) 
up to ages and lower and upper bound curves are ± 6 MPa of concrete cube strength 
(Harrison and Spooner 1986). The results show that the most of specimens are 
reasonably acceptable. However, the cube strengths of the RCA25 and RCA50 series 
at 243 days were somewhat lower than the lower bound curve. Given that the cement 
used in all of the mixes was essentially from a single source this is possibly the result 
of using a batch of aggregate that had a different characteristic to that used in the 
other specimens.
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Figure B.2 Development of stiffness vs. concrete cube strength based on all
experimental specimens.
Figure B.2 shows the development with time of the measured stiffness vs. concrete 
cube strength of all the concrete mixes used to manufacture pull-out specimens. 
According to BS 5400 Part 4 (1990), typical development of static modulus of 
concrete (stiffness) is presented in the mean concrete stiffness line {Ec = 0.286 feu + 
19.26) up to concrete cube strength and lower and upper bound lines are ± 4 GPa of 
concrete stiffness. The results show that the measured stiffness of the concrete are 
within the range of stiffness expected for the given strength grade. The stiffness of 
the RCA25 and RCA50 series was somewhat lower than the lower bound line. This 
seems to confirm the earlier suggestion that the reduced strengths of these mixes are 
the result of using a batch of aggregate that had somewhat different characteristics to 
that used in the other mixes.
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Abstract
The fluctuation of the bond stress as a function of the slip of deformed bar was 
determined experimentally, under displacement eontrol, using 200 mm concrete 
cubes with centrally embedded 16 mm deformed bar designed to be in a confined 
condition. The observed global fluctuation in the bond stress, measured by LVDT, 
was verified by independent measurement of the local strains along the length of the 
embedded bar using bonded ER strain gauges. In the pull-out tests, the failure mode 
was by shear. The ER strain gauges were installed inside grooves carefully machined 
in the steel bar to prevent direct friction from the concrete damaging the strain 
gauges. This approach also prevented damage to the wires and wire/gauge 
connection during the process of bar slip. The global fluctuation of the bond stress- 
slip behaviour was determined graphically and analysed using a number of statistical 
methods and independently verified from the local strain variation along the bar 
obtained from the strain gauge readings. Based on these observations, the fluctuation 
in bond stress with slip under displacement control has been shown to be mainly 
dependent on the transverse rib pattern of the bar.
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Keywords: bond, pull-out, residual strength, bond stress, displacement control, and 
slip
Notations
a: Coefficient
5s : Elastic extension of the steel bar
^ : Bar diameter
jLiavg : Average bond stress
Pf : Residual bond stress
jUmax : Maximum bond stress
As : Cross-sectional area of the bar
CoV : Coefficient of variation
ER : Electrical resistance
Eg : Elastic modulus of the steel bar
feu : Concrete eube strength
fs : Steel stress
Fs : Bar force
I : Embedment length (bonded length) 
le : Side length of concrete cube 
lf\ Free length of the bar 
lu : Unbonded length
LVDT : Linear variable differential transformers
P : Applied load
PTFE : Polytetrafluoroethylene
RC : Reinforced eoncrete
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s : Slip (displacement)
S.D. : Standard deviation
SG : Electrical resistance strain gauge
ULS : Ultimate Limit State
W/C : Water-cement ratio
1 Introduction
Aceording to British Standard 8110 (British Standards Institution 1997b), the 
adoption of the Ultimate Limit State (ULS) approach within design standards for 
reinforced eoncrete (RC) is focused on checking both the serviceability and safety of 
RC structures. As a consequence, any design must ensure that the structure will not 
collapse when subject to the worst combination of the assumed ultimate loads. In 
this extreme cireumstance, the residual bond strength becomes an important factor in 
the ULS design of RC structures because it contributes to the delay time before the 
total collapse of the strueture can occur. This is because the residual strength is, in 
effect, the load, or force, that a damaged structure can carry without undergoing 
catastrophic failure. The residual strength of a damaged structure thus becomes an 
important factor not only when eonsidered as a data point in the distribution of 
possible strengths but also in representing the lowest possible strength when 
developing an analysis of reliability and safety (Gilbert, Najjar et al. 2005).
In practice, both displacement and load control are observed in structures subject to 
failure. For example, the settlement and failure of piers and foundations can occur 
under displacement control, whilst load control governs where large (transient) loads 
are applied to a structure. In reality the collapse of most structures will be under a
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complex mixture of both load and displacement eontrol. In this paper, displacement 
control was deliberately chosen to enable the post-peak load displacement to be 
monitored. Testing under load control would not allow monitoring of the actual 
debonding behaviour after the maximum bond stress has been exceeded.
In this paper, the fluctuation of the bond stress-slip behaviour of steel reinforeement 
has been investigated experimentally by condueting “pull-out” tests on single, 
instrumented, reinforcement bars embedded in concrete. This debonding behaviour 
is based on meso-scale approaeh of local bond stress-slip relations (Maekawa, 
Pimanmas et al. 2003). The method employed the use of embedded electrical 
resistance (ER) gauges to monitor the strain in the steel bar.
The main aim of this study was to investigate the fluctuation of the bond stress as a 
function of bar displacement and the factors that influence it. To this end the bond 
stress vs. slip behaviour of 6 bars was obtained experimentally and the resulting 
fluetuation of the bond stress was examined both graphically and using a number of 
statistieal measures. Independent verification of the observed fluctuation was 
confirmed from the close similarity between the global behaviour (measured by 
Linear variable differential transformers (LVDT)) and the local behaviour along the 
length of the embedded bar (measured using ER strain gauges). The strain of the 
steel bar in concrete can represent the bond behaviour based on Hook’s law beeause 
the local strain of the steel in concrete is equivalent to the average strain of the 
surrounding concrete including any bond cracks (Maekawa, Pimanmas et al. 2003). 
A key finding has been the assessment of the variability, and reproducibility, of the 
observed fluctuation of the bond stress and a possible mechanism by which they 
occur is postulated.
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2 Bond stress and Local bond stress-slip model
In an RC structure, when the steel bar strain (g^ ) is not same as the concrete strain 
(%), a relative displacement (5 ) occurs and bond transfer must occur through the 
transmission length (or embedment length, /) in order to carry the imposed loading. 
The average bond stress (jLtav^  was derived from the anchorage bond stress based on 
BS 8110 (British Standards Institution 1997b) and EC2 (British Standards Institution 
2004) in equation 1.
M avv
F.
4-/
(equation 1)
Where, Fs is the bar force {= I^), is the bar diameter, I is the embedment
length, and fs is the steel stress.
6
I
I
Figure 1 Simplified bond-slip relationship for ribbed bars in the elastic range in well- 
confined concrete in 1996 (Huang, Engstrom et al. 1996)
The bond stress-slip relationship, proposed by Huang, Engstrom, and Magnusson 
(Huang, Engstrom et al. 1996), is applicable as an average formulation for the pull-
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out experimental test as shown in Figure 1 and defined parameters are presented in 
Table 1.
Table 1 Parameters for defining the simplified bond stress-slip relationship of 
deformed bars for normal-strength concrete, according to Huang, Engstrom, and 
Magnusson (Huang, Engstrom et al. 1996; FIB Task Group 2000)
1 Good bond conditions All Other bond conditions
Si l.^m m \S)mm
S2 3.0 mm 3.0 mm
S3 Clear rib spacing Clear rib spacing
S4 3 (rib spacing) 3 (rib spacing)
a 0.4 0.4
fimax 0.54^„ (equivalent) Q21 feu (equivalent)
0.4 fimax 0.4 Umax
3 Experimental programme
An experimental programme of pull-out tests was carried under displacement control 
to monitor the local bond stress-slip behaviour of high tensile deformed bar in the 
confined condition based on the CEB-FIP model code 90 (Comite Euro International 
du Beton 1992), the FRP round robin test (Abidin 2003; Guadabnini, Pilakoutas et al. 
2004), and FIB Task Group Bond Models (FIB Task Group 2000). In these tests, the 
failure mode is considered to be controlled only by shear failure between the 
concrete and the bars.
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3.1 Material properties
Table 2 Mechanical properties of concrete
W/C ratio Mean cube strength {MPa) Elastic modulus {GPa)
0.5 44.4 ±1.5 34 ±0.7
Table 2 shows the measured mechanical properties (and associated standard 
deviation) of the concrete used in the test specimens and Table 3 shows the values of 
the mechanical properties of the deformed bar that were assumed based on British 
Standard 8110. To take account of the inherent variability in the material properties 
of the concrete and steel, coupled with some problems encountered with the loss of 
electrical connectivity with some of the surface attached strain gauges a total of 6 
pull-out tests were carried out in each condition.
Table 3 Mechanical properties of reinforcement (British Standards Institution 1997a)
Grade Bar diameter {mm) Type Yield strength {MPa) Stiffness {GPa)
460B 16 2 460 200
3.2 Specimen geometry
The pull-out tests were conducted with 200 mm concrete cube with centrally 
embedded 16 mm deformed bar of 500 mm of total length to enable the gripped end 
of the bar to be secured, by a mechanical grip arrangement to the loading machine. 
The dimensions of the concrete containment reflect the assumption that the specimen 
can be considered in the confined condition when the depth of concrete cover is 5 
times larger than the diameter of the embedded bar {f) (Comite Euro International du
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Beton 1992). 120 mm of unbonding of the embedded bar (/„) was achieved as shown 
in Figure 2. The transmission length (or embedment length, I) was set at 80 mm (> 
5 f)  which is short enough to generate the lowest pull-out force under shear failure 
and long enough not to develop splitting failure of the concrete.
LVDT2 LVDT3
LVDTl
i
§
200
Figure 2 General layout of pull-out test specimen (in mm)
3.3 Steel reinforcement detailing
The steel reinforcement used in these tests was standard grade 460B ribbed bar with 
a nominal diameter of 16 mm. Table 3. To enable the local strain to be measured 
along the length of the bar during the pull-out test a total of 5 ER strain gauges were 
attached at fixed positions along the length of each of the reinforcement bars tested. 
Figure 3. Three of the gauges, SGI, SG2, and SG3 were installed on the 80 mm 
length of bar bonded in the concrete, and two, SG4 and SG5, were installed along the
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unbonded length. In addition to enabling local strain to be determined at any value of 
bar slip these gauges were used to monitor the dynamic changes in strain that 
occurred during the pull-out tests. This was designed to provide verification of any 
variation the bond behaviour independently of the measured load.
Bonded length (80)
Free length o f  the bar (160)
Unbonded length (120)
SG I SG 2 SG 3 SG 4 SG 5
8.5 :  8.5 8.5
91.5 60
+T7+-
I
Pivot ^
4
110 I 67  I 15'<' 48
Figure 3 Illustration of ER strain gauge positions on the reinforcement in the pull-out
experimental test (in mm)
To protect the surface mounted gauges from damage during both specimen 
preparation and testing the local cross-section of the steel bar was modified slightly 
to enable the strain gauges to be positioned just below the surface of the ribbed bar. 
This was achieved by cutting a square sectioned, groove 3.2 x 4 mm along the bar 
and installing the strain gauges, and associated connecting wires, inside the resulting 
space. Figure 4. The location of the groove was selected to minimise the loss of 
transverse rib area and limit any impact on the effective roughness of the bar and the 
bond stress behaviour. The process was associated with a local loss of section of 
between 8.7 % (SGI, SG2, SG3 and SG4) and 3.4 % (SG5).
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(a) 110
(c)
( ^  )
 ^ 80  (bonded region) ^ 120 (unbonded region)
----- )
Figure 4 Modification of the steel bar for the installation of the strain gauges; (a) 
Cross section of the free end of the bar, (b) Plan view of the bar, (c) Elevation of the
bar (in mm)
It is recognised that this local modification of the cross-section of the bar means that 
the strain gauges register the bar strain slightly inside of the steel bar instead of 
exactly at the surface. However, due to the high stiffness and strength of the steel, the 
difference in values between the point of measurement and the surface of the bar is 
considered small.
3.4 Measurements and installations
3.4.1 LVDT
Three Linear Variable Differential Transformers (LVDT) were used to measure the 
physical movement, or “slip”, of the bar during the experimental test. One LVDT 
was located in the bottom of the concrete cube to monitor the end-slip of the bar and 
two LVDTs were used to measure the slip of the bar at the pivot location of the bar, 
so as to take into account any bending effect on the loading as shown in Figure 5.
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cube
Steel bar
Figure 5 Measurements and installation of the LVDT; (a) Measurement location of 
the end-slip, (b) location of the measurement points for the top-slip (in mm)
The LVDTl reading measured the displacement (end-slip) of the bar end from the 
base surface of the concrete specimen. This end-slip is not influenced by the eoncrete 
deformation (6c) beeause LVDTl was attached to the base surface of the concrete 
specimen and so any deformation of the concrete was compensated for automatically. 
Therefore, Send, the end-slip of the bar, is given by the LVDTl reading.
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Figure 6 Illustration of LVDT positions and displacements of the bar and concrete
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The LVDT2 and LVDT3 readings measured the displacement (top-slip) of the bar at 
the pivot location of the transducers. Top-slip includes the bar extension (ôs) in the 
free length of the bar (//) and concrete deformation ( Ô c ) .  Therefore, these effects must 
be eonsidered in order to compensate the top-slip of the bar ( S to p ) ,  Figure 6 .  
Therefore, the top-slip of the bar can be represented as;
Stop = (LVDT2 + LVDT3)/2 -  ôs -  ôc (equation 2)
Where, and = (P -1 ^ )i (A  ^ - ), and P is the applied load. If
is the free length of the bar (= 160 mm). As is the cross-sectional area of the 16 mm 
bar (=201.1 mm^). Eg is the elastic modulus of the steel bar (= 200 kN/mm^), k  is the 
depth of the concrete cube (= 200 mm), Ac is the contact area of the eoncrete cube (= 
40000 m m \  and Ec is the elastic modulus of the concrete (= 34 kN/mm^).
The longitudinal strain in the concrete cube ( ô c ) ,  generated by the concrete cube 
being placed in compression in the loading direction, has an influence on the reading 
of the top-slip. However, this was neglected due to it being a relatively small, and 
constant, effect.
3.4.2 ER strain gauge
Electrical resistance (ER) strain gauges were used to measure changes of the local 
longitudinal strain of the ribbed bar during the experimental pull-out test. Three 
strain gauges were placed on the bar embedded in the concrete, SGI, SG2 and SG3,
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and two were installed on the unbonded part of the bars, SG4 and SG5. Four strain 
gauges, SGI, SG2, SG3 and SG4, and associated connecting wires were installed in 
the groove and covered with a silicon sealant to help prevent the ingress of the water 
and cement paste during the manufacture of the test specimens. A fifth strain gauge, 
SG5, was installed on the outer surface of the bar on the free length. Figure 3.
General purpose strain gauges (Vishay Intertechnology Inc., CEA 125 UN) were used 
for the experimental test that have an operating range of ± 1300 micro-strain at the 
general static stress analysis and ± 50000 micro-strain (range of 2 to 5 %) at the 
high-elongation (post-yield) condition (VISFIAY Micro-Measurements 2007).
The strain gauges were used to measure the strain in the reinforcement bar and the 
typical values for the strain are often expressed in micro-strain units (miero-strain = 
strain x 10 )^ (Omega 1998). Therefore, ssg, the actual strain on the bar, is given by 
the SG reading (in micro-strain).
3.5 Pull-out testing
The test specimen was setup with the embed bar oriented downward in the steel 
frame and mounting ring for the two LVDTs was set at the pivot location and the 
mechanical grip was applied in the end of the bar. Figure 7. A sheet of 
Polytetrafluoroethylene (PTFE) material (3 mm) was used between the reaction area 
of concrete and test steel frame to reduce frictional forces. The physical arrangement 
of the test frame and associated machine stiffness was such as to ensure the test 
could be made under displacement control. The test machine was based on a screw- 
drive system that enabled careful control of the displacement up to the maximum of
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the load measuring system (200 kN). The maximum load encountered in the six tests 
was 89.7 kN.
t Pull-out force
LVDTl
Steel 
frame
PTFE
LVDT2
1
\L V D T 3
Mounting ring
Pull-out
force
Figure 7 illustration of the experimental arrangement of pull-out test setup in the
steel frame
4 Discussion of Test Results
4.1 Estimated bond model
Table 4 Estimated bond model derived from Tables 1 and Table 2.
Maximum 
load {kN)
Maximum 
bond stress 
{MPa)
End-slip at 
maximum 
load {mm)
Bond stress 
at 9 mm
Bond stress 
at 18 mm
Bond stress 
at 27 mm
96.43 23.98 K s < 3 9.59 4.80 0
Table 4 presents the estimated bond stress-slip model using the model code by 
Fluang, Engstrom, and Magnusson (1996). The dependent output values were
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calculated based on Table 1 assuming a mean cube strength of 44.4 MPa and a clear 
rib spacing o ï9  mm.
4.2 Bond stress-slip relationship under the displacement eontrol test
•g 10
15 30
Slip (mm) Slip (mm)
(a) RCBO-01 (d) RCBO-04
20
Î
5
(b) RCBO-02
30 0
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(e) RCBO-05
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|IU
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Ü
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(c) RCBO-03
Slip (mm)
(f) RCBO-06
Slip (mm)
Figure 8 Graphical representation of test results of the bond stress-slip of RCBO 
series specimen demonstrating similarity of top and end slip values.
The bond stress-slip relationship of the six samples tested is presented in Figure 8. 
Examination of the data shows that all of the tests demonstrate a clear, consistent, 
and apparently reproducible fluctuation of the bond stress as a function of the total 
slip measured globally using the LVDT’s. It can be seen that there is a very close
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correlation between the measured end-slip (LVDTl) and the top-slip (LVDT2 and 
LVDT3) including compensated deformations of the steel (ôs) and the concrete cube 
(ôc) at the top-slip. By combining the data, Figure 9, it can be seen that each curve 
shows an initial peak (PI), representing the maximum bond stress, followed by two 
subsequent peaks (P2 and P3) in the bond stress that occur at approximately 12 ± 1 
mm and 22 ± 1 mm of slip. The bond stress-slip relationship estimated using the bond 
model code (Huang, Engstrom et al. 1996; FIB Task Group 2000) is shown for 
comparison and it can be seen that there is a general agreement with the 
experimental values but the model fails to predict the true behaviour. Additionally, 
because the test specimen was designed with the minimum embedment length 
necessary to achieve shear failure (/ = 5 the measured peak bond stress will be less 
than that predicted by the CEB-FIP model code. This is because the model code 
assumes an embedment length between the minimum and maximum to induce shear 
failure. According to the theoretical bond stress-slip model, figure 1, the residual 
bond stress has a constant degree of reduction reaching zero once the total slip 
reaches 3 times the rib spacing. It would appear from the test results that the actual 
behaviour of a ribbed bar undergoing pull out is more complicated. The observed 
variation appears to have a cycle “wavelength” of ~9 mm, which is similar to the rib 
spacing. Figure 10. Generally there are about 8 transverse ribs in the bonded length 
and the actual rib pattern repeat cycle is about 10.80 mm and clear rib spacing is 8.87 
mm. From this it is clear that the bond stress fluctuates cyclically as the bar moves 
(slips) through previously damaged concrete. This results in a series of minimum and 
maximum values.
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Figure 9 Graphical representations of bond stress-end-siip results of RCBO series and
estimated bond stress-slip model
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Figure 10 Modified dimensions of the \6m m  deformed bar; (a) Picture of plan view 
after the square cutting for the strain gauges, (b) Simplified drawing of the plan view, 
(c) Cross-section at section A-A, (d) Cross-section at section B-B, (e) Transverse rib 
size and pattern, (f) Cross-section at section C-C (in mm)
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Figure 11 shows the rib marks on the surface of the concrete in the region of the 
embedded steel bar. It can be seen that the rib marks left are reduced moving from 
the first to the third rib. This is evidence that during the initial stages of the pull-out 
of the bar the concrete between ribs is not fully broken, as suggested in Figure 12(a) 
but undergoes partial splitting, Figure 12(b). The splitting stresses, the inclined force 
by existing rib face angle divided into the bond stress and splitting stress, produce 
longitudinal partial splitting (and opening) of the concrete along the bar and this 
enables the bar to undergo slip without fully breaking the concrete between the ribs. 
Subsequent slip occurs by the ribs passing through partially damaged concrete which 
is then subject to reopening of the existing splits and further damage accumulation. 
This process is reflected in the observed fluctuation in post-peak bond stress seen in 
Figures 8 and 9.
• 4
Figure 11 Remained marks of mechanical bearings in the RCBO-02 specimen
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Table 5 Analysis of bond stress-slip relationship of test series RCBO
Specimen Maximum load (kN)
Maximum 
bond stress 
{MPa)
End-slip at 
maximum 
load {mm)
Bond stress 
at 9 mm
Bond stress 
at 18 mm
RCBO-01 83.71 20.82 1.86 129 3.75
RCBO-02 89.67 22.30 1.76 6.91 4.46
RCBO-03 79.42 19.75 2.10 6.78 4.29
RCBO-04 65.45 16.28 1.97 5.12 3.00
RCBO-05 177.87 19.36 1.32 6.19 3.29
RCBO-06 1 81.23 20.20 1.66 7.11 3.74
mean 179.56 19.79 1.78 6.57 3.76
S.D.* 7.35 1.83 0.25 0.73 0.51
CoV* 0.09 0.09 0.14 0.11 0.14
(* S.D. = standard deviation, * CoV = coefficient of variation)
It is useful to compare the predicted values of bond stress as a function of slip using 
the model code (Comite Euro International du Beton 1992), Table 4 with those 
obtained experimentally, Table 5. The estimated model shows values that are 20 % 
higher than those measured at the maximum bond stress (PI), 40 % higher at 9 mm 
slip, and 30 % higher at 18 mm slip. The model predicts that the bond stress will fall 
to zero at 27 mm slip which is not reflected in the experimental data.
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Table 6 Minimum values of bond stress with slip between PI -  P2 and P 2 -P 3
Specimen
Between PI and P2 Between P2 and P3
Minimum 
bond stress 
(MPa)
Slip (mm)
Minimum 
bond stress 
(MPa)
Slip (mm)
RCBO-01 7.21 10.23 3.72 18.48
RCBO-02 6.74 8.34 4.42 18.36
RCBO-03 6.73 9.36 4.26 17.94
RCBO-04 5.04 9.42 2.85 21.27
RCBO-05 6.02 10.45 3.09 20.60
RCBO-06 7.07 8.53 3.64 18.44
mean 6.47 9.39 3.66 19.18
S.D.* 0.74 0.78 0.57 1.27
CoV* 1 0.11 0.08 0.15 0.07
(* S.D. = standard deviation, * CoV = coefficient of variation)
Table 6 shows the minimum values of bond stress (and the value of slip at which it 
occurs) between PI - P2 and P2 - P3. Both the bond stress and slip values show 
reasonable correlation between the six samples tested suggesting that the observed 
minimum bond stress is consistent within the limits expected of a complex damage 
process. It is interesting to observe that the average slip distance between the 
observed minimum value of measured bond stress occurs after (19.18 -  9.39) = 9.79 
mm. This value is very similar to the rib spacing.
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Figure 12 Modes of bond failure: (a) Pull-out, and (b) Pull-out with partial splitting 
(Cairns 1992; FIB Task Group 2000)
Figure 12 (a) shows the failure mode assumed by the model code and requires a 
shear failure to pass through the concrete at the level of the tip of the ribs on the steel 
bar. In such a case it is logical that the bond stress will show a steady decrease with 
slip. In contrast, when the concrete strength is high enough splitting-induced pull-out 
can occur that is accompanied by shearing in the concrete below the transverse ribs. 
Figure 12 (b). In such a case the ribs must subsequently pass through concrete that 
has not failed leading to an increase in the measured bond stress. Similarly, 
subsequent slip of the bar must involve the ribs moving through damaged, but 
constrained, concrete that can jam against the rib and the surrounding concrete. This 
is keeping with the observed behaviour of the fluctuation in bond stress at 9 mm 
intervals, seen in Figure 8 and inspection of the failed specimens. Figure 11.
It must be remembered that one of the reasons that it is possible to observe this 
fluctuation of the bond stress is that the test was conducted under displacement 
control. This increases the measurement sensitivity and allows the on going failure
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processes to be monitored in a manner not possible when using a traditional load 
control arrangement as used in the model code. Displacement control tends to be 
more stable than load control. In the pull-out experimental tests, the driving load 
decreases smoothly with slip growth under displacement control. Under load control, 
the slip of the bar is sudden when the driving load becomes sufficient to break the 
bond between the concrete and the bar. As a result it is not easy to accurately monitor 
the slip as a function of applied load under load control when compared to 
displacement control. In displacement control, however, the pull-out specimen is 
stable because the driving load decreases with slip growth (Anderson 1995).
4.3 Verification of the fluctuation of the residual bond stress
Table 7 Connectivity of the strain gauge in the RCBO series specimen
Specimen
Strain gauges
SGI SG2 SG3 SG4 SG5
RCBO-01 O o o X o
RCBO-02 O o o o o
RCBO-03 o o X X X
RCBO-04 o o o X o
RCBO-05 X o o o o
RCBO-06 o o o o X
O: Strain gauge is connected and working after casting of the test specimen.
X: Lost connectivity of installed strain gauge after casting of the test specimen.
To verify the observed variation in bond stress with slip use has been made of the 
local strain data recorded from the ER gauges applied along the length of the bar, 
Figure 3. It can be seen from Table 7, that despite precautions being taken to protect 
the gauges and associated wires, a number of the strain gauges lost their electrical
344
___________________   Appendix
connectivity. This is thought to be associated with the compaction process during 
casting of the concrete. Specimen RCBO-02 was found to be the most reliable data 
source with full connectivity of all of the installed strain gauges and allowed 
complete monitoring of the fluctuation of the local strain along the bar length as a 
function of the bar slip, Figure 13.
Taking the three gauges in the bonded region first (SGI, SG2 and SG3) it can be 
seen that the strains at all three positions vary differently with slip showing that the 
local strain experienced by the bar is not uniform along its length. Thus the global 
displacement, measured by the LVDT’s, is associated with non-uniform local strain 
conditions. Considering the output of SGI it is apparent that the initial strain 
increases up to the point where the bond stress reaches it maximum, PI in Figure 9. 
After this local strain remains constant and then decreases suggesting that the shear 
forces at the interface with the concrete at this point are small and the steel is 
carrying little load. It is difficult to find the subsequent peak strains due to the 
relatively low variation of the stain after the slip exceeds 9 mm. The output from 
SG2 is quite different. The strain -  slip relationship showing a cyclic variation that is 
strikingly similar to that observed in the bond stress -  slip data. Figures 7 and 8. The 
maximum local strain at SG2 occurs after 1.70 mm slip and correlates very closely 
with the measured peak in the bond stress -  slip curve, PI that occurs at 1.76 mm. 
This suggests that there is good correlation between the measured local strain and the 
bond stress measured from the load measurement. It may be noted that the strain in 
SG2 at the end of the test is still significant and does not fall to zero as predicted by 
the model code (FIB Task Group 2000). The strain measured at SG3 shows a clear 
peak strain occurring at PI that subsequently falls and then varies cyclically. It must 
be remembered that due to its position relative to the free surface of the concrete the
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strain at SG3 reflects the behaviour of the unbonded bar once the slip exceeds 9 mm 
(or the equivalent of 1 rib spacing).
The strain responses of the two gauges in the unbonded region (SG4 and SG5) are 
similar in form but different in the absolute value of strain. For these two gauges it 
can be seen that the value of bar slip at the strains corresponding to the peak stresses 
P2 and P3 are almost identical. However, the local peak strain at SG4 and SG5 are 
different. This is because the local cross-sectional area of the bar was not uniform 
along its length. Figure 4. In view of this it was decided to compare the local strain -  
slip curve relationship at SG4 with that at SG2 for all of the bars tested. It should be 
noted that the local cross-sectional area at positions SG2 and SG4 are nominally 
identical and so the measured strains at these two positions should be identical 
except for the influence of the surrounding concrete at SG2.
Table 8 Statistical analysis of peak strains with slip at SG2
Specimen
PI P2 P3
Strain Slip Strain Slip Strain Slip
RCBO-01 1237 1.9 614 11.4 460 23.7
RCBO-02 1538 1.7 1009 14.0 765 22.6
RCBO-03 1116 1.5 621 13.6 499 (19.8)
RCBO-04 1035 2.1 411 12.8 345 23.4
RCBO-05 1215 1.8 488 11.6 253 24.2
RCBO-06 1342 2.0 663 14.3 400 21.1
Mean 1247 1.83 634 12.95 454 23.00
S.D.* 162 0.20 189 1.13 160 1.08
CoV* 0.13 0.11 0.30 0.09 0.35 0.05
(* S.D. = standard deviation, * CoV = coefficient of variation)
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Table 9 Statistical analysis of peak strains with slip at SG4
Specimen
PI P2 P3
Strain Slip Strain Slip Strain Slip
RCBO-01 - - - - - -
RCBO-02 3135 1.76 1427 14.13 1108 22.66
RCBO-03 - - - - - -
RCBO-04 - - - - - -
RCBO-05 2270 1.28 658 11.46 377 22.63
RCBO-06 2437 1.12 831 10.36 439 20.80
Mean 2614 1.39 972 11.98 641 22.03
S.D.* 375 0.27 329 1.58 331 0.87
CoV* 0.14 0.20 0.34 0.13 0.52 0.04
(* S.D. = standard deviation, * CoV = coefficient of variation)
The position of SG4 was in the unbonded region and so reflects the unbond 
behaviour. Figure 4. According to Table 8 and 9, the absolute strain values at SG2 
were lower than those measured at SG4, being about 50 % at PI, 45 % at P2 and 
30 % at P3. The reduced strain recorded in the steel bar at SG2 reflects the fact that, 
within this region, some of the load is being carried by the surrounding concrete. 
The existence of the observed peaks in the measured strain at PI, P2 and P3 suggests 
that the failure mode was one of pull-out with partial splitting failure, as shown in 
Figure 12(b). The observed decrease in the peak strain with increasing slip indicates 
the reduction of the effective bond between the concrete and the bar is due to 
damage build-up in the surrounding concrete due to the displacement of the 
transverse ribs of the bar.
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Figure 13 Graphical representation of the micro-strain vs. end-slip relationship of 
RCBO-02 specimen at the measured location of the strain gauge (in mm)
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The strain readings along the bar were used to verify the observed fluctuation 
behaviour of the bond stress. For the reliability of the observed strain data, the strain 
readings at SG4 and SG5 were compared with the predicted (based on an elastic 
calculation) strains of the steel bar ( ssg )  using equation 3 at the peak bond stresses 
(PI, P2, and P3) in micro-strain units. The applied area of bar cross-section was 
considered to reduce 8.7 % at SG4 and 3.4 % at SG5 due to the modification of the 
bar cross-section to installing strain gauges.
^sa — x l0 ‘ (equation 3)
Where, P is the applied load. Es is the elastic modulus of the steel bar (200 GPa), 
and As is the cross sectional area of the steel bar (183.6 mm^ at SG4 and 194.3 mm^ 
at SG5)
Table 10 Observed and predicted strains of RCB6-02 at SG4 and SG5 locations with 
considered loss of bar cross-section
Loading
Observed Predicted
Strain Strain 8.7 % loss 3.4 % loss
atSG4 at SG5 atSG4 atSG5
(PI) 89.67 3135 2533 2437 2311
(P2) 32.91 1427 838 894 848
(P3) 21.42 1108 518 583 551
The strain readings at SG4 and SG5 were similar in the form of the strain-slip 
behaviour but with different values of absolute strain. It can be seen from Table 10 
that the measured strains in the free length of the bar at SG5 were within 2-9% of
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that predicted by simple elastic theory. In contrast, the measured strains at SG4 were 
higher than predicted. This is believed to be because at that location the strain gauge 
is both located within the groove cut in the bar and placed close to the interface 
between the bonded and unbonded regions resulting in some load concentration.
>Lost mechanical 
bearing
Lost adhesion
>Lost mechanical 
bearing
Remaining friction
End o f  friction and 
mechanical bearing starts
^ L o s t  a d h e s io n  L ost m echan ical bearing  
at secon d  peak
Slip
(a) (b)
Figure 14 Contribution of adhesion, mechanical bearing, and friction in bond stress- 
slip behaviour; (a) under the load control, (b) under the displacement control
As an overall result, load control has limitations when attempting to monitor the 
debonding behaviour once mechanical bearing has been lost. Any initial adhesion is 
lost at a low bond stress with no relative displacement (or slip) and so it is 
mechanical bearing that controls the bond stress up to the maximum value. Under 
load control there is then a sudden and dramatic drop in the bond stress down to that 
arising from any remaining friction effects. Figure 14 (a). However, under 
displacement control the fluctuation of the bond stress can be monitored beyond the 
peak value and provides evidence of any remaining mechanical bearing which 
occurs causing subsequent peaks in the bond stress. Figure 14 (b). This is one of the 
main advantages of using displacement control instead of load control.
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5 Conclusions
The results of the test series has shown that when tested under displacement control 
the global fluctuation of the bond stress was found to vary cyclically reducing with 
increasing levels of bar slip, Figure 9. This effect has been verified using local 
measurements of strain along the length of the bonded and unbonded regions of the 
bar. Figure 13.
The fluctuation of the bond stress-slip behaviour was observed under displacement 
control. This increases the measurement sensitivity and allows the on going failure 
processes to be monitored in a manner not possible when using the traditional load 
control arrangement as used in the model code.
The longitudinal rib of the embedded deformed bar was found not to be related to the 
observed fluctuation of the bond stress. However, the most important factors are the 
transverse rib and its pattern. The fluctuation of the bond stress cycle was found to 
be related to the clear transverse rib spacing. Figure 9 and 10 (e).
A comparison of the test data with predictions from the model code suggests that a 
further study of the bond stress-slip behaviour under the displacement control is 
required. This is because the maximum measured bond stress, PI, was 20 % lower 
than that predicted by the model code and the bond stress, P2, was 30 % lower.
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